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ABSTRACT
The civil engineering industry is constantly striving for ways to improve design and 
construction technologies to obtain more efficient solutions to engineering problems. 
It has long been recognised that, in the area of construction utilising reinforced 
concrete beams, the region of the beam below the neutral axis (NA) is wasteful of 
material. The only function that the low tensile strength concrete has in this situation 
is to locate the steel rebars and protect them from aggressive environments. It is 
proposed in this investigation that the zone of a beam below the NA is removed and 
replaced by an advanced polymer composite (APC) material ideally suited for civil 
construction.
This Thesis presents a detailed investigation into a number of 1.5 m span ‘hybrid’ T- 
beams which utilise concrete in the compressive region of the beam and APC 
materials in the tensile region. Two designs for T-beam have been analysed; one in 
which the failure mode is by buckling of the web and one by a shear failure in the 
bond along the interface between the concrete and permanent APC shuttering. The 
study includes variations in these two designs incorporating different methods of 
stiffening the web and confining the top surface of the concrete. The effects on the 
mechanical properties of these materials when exposed to water, salt solution, UV 
radiation, temperature and a solution simulating the fluid state in the pores o f wet 
concrete were analysed.
The test results have indicated that the failure mode for this type of design is buckling 
of the webs followed by concrete crushing and buckling of the permanent GFRP 
shuttering. Confining the concrete produced a beam with a more ductile response and 
the long-term effects of the beam were shown to be dependent on the properties of the 
concrete. The beams structural behaviour was adequately predicted by numerical 
analysis techniques.
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Et = Longitudinal stifftiess of MDF timber plate (kN/mm^)
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F® = Shear strength of section (N)
F^ conc = Maximum shear force in concrete (N)
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IcFRP = Second moment of area of carbon section (mm^)
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Lot = Total second moment of area (mm"^ )
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P = Point load (N)
Pb = Total buckling load (N)
Q = Total first moment of area (mm^)
Qi = First moment of area for a given section (mm^)
tw = Thickness of GFRP web (mm)
Xc = Lever arm from centroid of concrete to datum (mm)
Xi = Lever arm from centroid of section to datum (mm)
ÿ  = Position of neutral axis from datum (mm)
yi = Lever arm to datum (mm)
ôbend = Deflection due to bending (mm)
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Sshear = Dcflcction duc to shcar (mm)
£c = Strain in the top surface of the concrete
8f = Strain in the bottom surface of the flange
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Ge = Euler critical stress (N/mm^)
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Op = Flexural strength (N/mm )
Ti2 = Shear stress (N/mm^)
t“c = Ultimate shear stress of concrete (N/mm^)
%"web = Ultimate shear stress of +/-45° GFRP (N/mm^)
t)i2 = Poisson’s Ratio
1)l = Longitudinal Poisson’s Ratio of webs
Dp = Transverse Poisson’s Ratio of webs
xvu
TERMINOLOGY
TERMINOLOGY
The following list describes various terms used throughout this thesis. Although they 
are described within the text, this list is provided as a convenient reference point.
APC Advanced Polymer Composite. Sometimes referred to as a fibre 
reinforced polymer (FRP), this composite material consists of fibres of 
glass, aramid or carbon combined with a low modulus polymer matrix 
material. See HoUaway and Head (2001) for the definition adopted by 
the Institution of Structural Engineers.
CFRP Carbon Fibre Reinforced Polymer. An example of an APC material, the
CFRP, utilised in this study, consisted of either unidirectional T600 
carbon fibres or 0/90° woven T300 fibres surrounded by an epoxy resin 
matrix.
Debulk A debuUc is a procedure in which air is removed from an APC system
utilising a vacuum bag methodology. In the fabrication of an element 
using APC prepreg materials, the debulk is undertaken after one or two 
pUes to consolidate the layers and prevent the likelihood of air voids.
G FRP Glass Fibre Reinforced Polymer. Another example of an APC material,
the GFRP utilised in this study consisted of a +/-45° stitched glass 
fabric or a 0/90° biaxial woven fabric surrounded by an epoxy resin 
matrix.
H ybrid In this study, a hybrid or “duplex” beam is fabricated from a
combination of APC materials and concrete to form an efficient 
structural element. The concrete is placed in the compressive region 
and the APC materials in the tensile region where they are considered 
most effective.
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Prepreg A prepreg (or pre-impregnated) material is a product which consists of
fibres that have been coated in a resin matrix material. The resin is not 
fully cured to allow flexibility of the material to mould and shape it as 
required before finally curing at temperature.
Outlife The outlife of a prepreg material is the period of time in which the
prepreg remains flexible and useable whilst at room temperature. A 
material with a higher outlife (in terms of days) would be more 
applicable for use in the civil engineering environment.
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CHAPTER 1
1.0 INTRODUCTION
The gaining momentum in the use of advanced polymer composites (APC) in the civil 
infrastructure is fuelled by the need to improve the durabihty of the constituent 
materials, to reduce site labour costs and construction time and to improve safety. The 
growth in the use of composites has been reflected in the utilisation of APCs for 
upgrading and retrofitting to bridge beams and structures, for wrapping RC columns 
and in the use of FRP rebars. Furthermore, research into the use of APC materials has 
led to the development of “ah composite” structures. However, APCs wiU not always 
be the relevant material to use and each structural problem must be solved on its merit 
and the appropriate material used to produce the most suitable solution.
1.1 Advanced Polymer Composites
The definition of an APC material has been adopted by the Institution of Structural 
Engineers and is given, in part, below. Composite materials consist of two discrete 
phases, a continuous matrix which is often a resin, surrounding a fibrous reinforcing 
structure. The reinforcement has high strength and stiffness whilst the matrix binds 
the fibres together, allowing stress to be transferred from one fibre to another 
producing a consolidated structure (HoUaway and Head, 2001). The type and 
orientation of fibres used in an APC composite are dependent on the application and 
economic requirements. The most commonly used reinforcing fibre is E-glass, which 
is avaUable in a number of forms such as woven rovings, unidirectional tapes, stitched 
fabrics, chopped fibre mats and continuous rovings. The advantage of utilising E-glass 
is its relatively low cost to strength ratio and good chemical resistance properties 
(Kendall, 1999). Different types of glass fibres are available for certain appUcations, 
including AR-glass (alkali resistant) which is commonly used as a reinforcing fibre
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for cements, mortars and concrete. However, due to the low modulus of E-glass, other 
fibre types are required for high stifftiess applications. Carbon fibres are high strength 
and modulus but are less economic to use, consequently, the correct balance between 
cost and structural performance must be evaluated. The type of fibre utilised will 
mainly affect the longitudinal strength and stifftiess.
The resin system used in the APC material is critical to some properties of the 
composite, such as inplane and interlaminar shear, as well as durability aspects. 
Commonly, vinylester and epoxy thermosetting resin systems are utilised to provide 
increased mechanical strength and stifftiess but with an increase in cost; polyester 
based resins are the most economical. In certain applications the resin system may 
also contain flame retardants, but this in some instances does have a detrimental effect 
on the mechanical properties of the APC material.
1.2 Progression of APCs in civil engineering
Although APC materials were first developed in the early 1940s for military and 
aerospace applications, the general use in civil engineering has only been evident in 
the past thirty years. Initially, their use was confined to non-structural applications 
such as formwork liners or cladding panels. Whilst the APCs had inherent advantages, 
such as high strength and stiffness to weight ratios, the high costs associated with the 
composite materials and production techniques outweighed them. However, as the 
costs of the raw materials reduced and improvements were seen in the manufacturing 
techniques, such as pultrusion and resin infusion type processes, the use of APCs in 
rehabilitation and in structural applications increased.
It is suggested that over the next decade the major use of APC in the construction 
industry will be their use in conjunction with the more conventional materials; over 
the past decade this material has been concrete. Due to the higher cost of 
manufacturing the structural units, the APC must be used to take full advantage of its 
superior mechanical and in service properties (such as its high specific strength and 
stifftiess) its good durabihty characteristic and its ease of handling on site. This has
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already been seen with applications such as APC rebars, plate bonding and column 
jacketing as a replacement for steel equivalents. A number of actual appUcations have 
show that the use of APC materials was not only the optimum solution but also the 
most economical. This is shown in the rehabilitation of a 65 m tall Prill tower 
undertaken by Mouchel (Luke, 2001). The final solution, utilising hoops of carbon 
fibre reinforced polymer (CFRP) plates, enabled the shutdown of the tower to be kept 
to a minimum as the CFRP plates were Hghtweight and easy to install. This provided 
the client with significant savings, as the shutdown of the tower was at a cost of 
£650,000 in lost production per day. Other examples are provided by Garden (2001) 
in which an operating power station was rehabilitated using CFRP strips. Again, the 
savings made in terms of reduced labour and installation times offset the initial cost of 
the materials.
1.2.1 Combination of APCs with concrete
The use of APC materials in combination with concrete has become widespread 
within the civil engineering industry. In the majority of cases, the APCs are utilised to 
rehabilitate existing reinforced concrete (RC) structures which have deteriorated due 
to the corrosion of the steel rebars. This is commonly undertaken in the form of plate 
bonding using high strength and stiffness CFRP. The inherent lightness of the CFRP 
makes it an ideal replacement for the alternative heavyweight steel plates. Other forms 
of utilising APCs with concrete include column jacketing and the development of 
hybrid beam systems.
1.2.1.1 Plate bonding and column jacketing
It was identified by El-Mihilmy and Tedesco (2000) that 50% of all bridges in the 
USA were built before 1940 and that 42% of these bridges were considered to be 
structurally deficient. Consequently, considerable research has been undertaken in the 
past decade on the strengthening of RC beams using APC laminates. The work has 
ranged from the use of prestressed unidirectional CFRP plates bonded onto the 
tension face of RC beams (Garden and Hollaway, 1998), to shear and flexural 
strengthening of rectangular and T beams utilising different fibre orientations and
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thicknesses (Norris et al, 1997, Shahawy and Beitelman, 1999). An early example of 
the use of externally bonded CFRP was the strengthening of the Ibach Bridge in 
Switzerland in 1991 (Meier, 1999). This used 6.2 kg of CFRP in place of the 175 kg 
of steel plates. In the past few years, the utilisation of CFRP plates for rehabilitation 
works has increased and is now widespread throughout Europe, America and Japan. 
Research work and real applications have shown that the use of CFRP plates can 
provide the necessary strength and stiffness requirements with the additional 
advantages of reduced installation times and improved durability.
As well as flexural and shear strengthening of RC beams, the advantages of APC 
materials can be apphed to column jacketing (for both strengthening and seismic 
retrofitting purposes). Experimental work by Shahawy et al (2000) recognized that 
carbon wraps could significantly enhance the strength and ductility of the concrete by 
curtailing its lateral dilation (with more wraps increasing the strength further). 
Karbhari and Zhao (2000) identified that the significant amount of retrofitting 
undertaken utilising steel jackets could be improved upon by using APCs. The 
reduction of installation times, the improved durability and decrease in maintenance 
costs were all advantages that APC materials provided. In addition, it was noted by 
Karbhari and Seible (1999) that steel jacketing caused an increase in the strength and 
stiffiiess of the column due to the isotropic nature of the material; this may not be 
desirable as higher loads are then transmitted to adjacent structural elements. The use 
of APC materials would avoid this problem by placing fibres in only the transverse 
directions. A number of different methods of jacketing columns have been researched 
and developed utilising APC materials. These range fi*om the use of a wet lay-up 
process using fabric, tape or individual tow (a manual technique) to a fiilly automated 
process; shown diagrammatically in Figure 1.0.
1.2.1.2 APC rebars and prestressing cables
Due to the problems associated with the corrosion of steel reinforcement in concrete 
structures, the need for a more durable alternative is clear. Consequently, the use of 
more durable APCs as a replacement for steel has been investigated by numerous 
researchers (Alsayed et al, 2000, Kachlakev, 2000, Arockiasamy et al, 2000). Initially,
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in Germany in the early seventies, work began on a GFRP tensile element for use as a 
prestressing system, later called the Polystal bar (Wolff and Miesseler, 1993). 
However, due to fears over the vulnerabihty of glass to alkah attack (concrete being a 
highly alkah environment), aramid rods became more favourable. In the UK, the 
Parafil system was adopted which utilised aramid ropes (Burgoyne, 1987). Numerous 
apphcations have utilised this system, such as external prestressed cables on the 
outside face of a cooling tower in the UK and the Oppegaard footbridge in Norway. 
The problems associated with APC rebars are their lack of stiffiiess, particularly when 
utihsing GFRP. This can be overcome if carbon fibres are used (they have a much 
higher stiffiiess). A number of designs have used carbon fibre cables as a direct 
replacement for steel (Christofiersen et al, 1999). The inherent hghtness and improved 
durabihty properties of the APC materials ensure that the initial higher cost associated 
with these types of materials is offset by an improved performance.
Wrapping o f  Fatwic Winding o f Tow Use o f Composite 
Cables / Strips
AutomaW Winding
Bondiz%of 
Prefabricatsl Shells
Resin Infusion
Figure 1.0: Diagrammatic representation of retrofitting columns utilising APC 
materials (Karbhari and Zhao, 2000)
1.2.1.3 Hybrid beams
When designed correctly, the use of APCs in combination with more traditional 
materials, such as concrete, is efficient and allows the optimal use of both materials.
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An early example of such research was carried out by Triantafillou and Meier (1992) 
and led to the concept of a ‘hybrid’ beam. Their work was on a beam of rectangular 
cross-section and provided plain concrete in the compressive region (where it is most 
effective) and the APC in the tensile region (again where it is most effective). The 
replacement of the steel reinforcement eliminates one of the major disadvantages of 
the RC beam, i.e. the steel’s susceptibihty to some hostile environments such as, 
oxidation and corrosion from seawater, de-icing salts and the caustic environment of 
concrete. The hybrid beam concept has developed further to incorporate other 
advantages of using APC materials, such as permanent shuttering for the concrete. A 
detailed account of six different hybrid beam developments is given in the review of 
previous work (chapter 2).
1.2.2 Complete APC systems
Since the use of APC materials in civil engineering began, designers have strived to 
conceive structures constructed entirely from composites. Due to the relatively low 
modulus of the materials, bridges for pedestrians, horses and cyclists were initially 
developed. Examples include the Aberfeldy footbridge in Scotland, the Pontresina 
pedestrian bridge in Switzerland, the Halgavor bridge in the UK and the Strandhuse 
bridge in Denmark (Bodamer, 1998, Keller and Kiinzle, 1999, Reinforced Plastics,
2001, Braestrup, 1999). Due to the cost and ease of fabrication, the materials utilised 
in all the examples given above were variants on a glass fibre reinforced resin system. 
The advantages of these types of bridges include the ease of transportation of 
structural elements, the reduction in cost of lane closures (due to rapid erection times) 
and the reduction in maintenance costs that is often associated with concrete and steel.
The attraction of APC bridge decks in civil engineering infrastructure is as stated 
previously. Consequently, a number of researchers and civil engineers have developed 
their own modular designed systems These include pultruded sections (Canning et al,
2002, Daly and Duckett, 2002), sandwich sections incorporating GFRP skins and 
PVC tubes with a particulate filled resin (PFR) as the core material (Davey et al, 
2001) and filament winding techniques (Aref and Parsons, 2000). Bridges have now 
been constructed using APC materials that can be designed to meet the deflection
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limitations which has often been a difficulty associated with a low modulus material. 
The construction of the Butler County Bridge in Ohio proved that this highway bridge 
could be fabricated easily and the erection times were one month less than that 
programmed for a conventional RC structure (Foster et al, 2000). Furthermore, the 
bridge weighed nearly a tenth of a more conventional design, thus allowing during 
construction, the use of hghter weight cranes and from a design point of view, smaller 
foundations.
1.3 Durability Issues
The use of APCs in a normal outdoor civil engineering environment are regarded as 
being a more durable option than steel or concrete alternatives. However, very few 
long term studies have been undertaken which could support this claim. It is well 
know that steel will corrode when subjected to an aqueous environment and this is 
often the cause for a structure to deteriorate. However, due to the large number of 
available APC systems, with different fibre and resin types, there is a need to establish 
the environmental effects on each individual material. The most significant factors 
which could influence the mechanical properties of the APC material are (i) elevated 
temperatures; (ii) moisture, particularly when the material is submerged; (iii) 
aggressive chemical environments (such as alkah, acid or salt) and (iv) natural 
weathering. In a normal UK outdoor scenario, the material is likely to encounter 
wet/dry conditions, temperatures ranging from -10°C to +50°C (surface temperature 
in direct sunhght) and ultraviolet radiation from the sun. Consequently, any material 
that is developed for use in civil engineering infrastructure must ensure that such 
environments do not adversely affect the mechanical properties.
1.4 Objectives of Study
The main objective of this study is to develop a hybrid beam structural element 
combining both APC materials, which have been developed specificaUy for civil 
engineering purposes, and concrete. The concrete will be located within the
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compressive region of the beam, where it is most effective, and the APC materials in 
the tensile region. A simple vacuum bag method of beam fabrication will be 
developed. The structural performance of the hybrid beams will be determined by 
undertaking experimental 4-point bending tests.
The objectives of this study are summarised below:
• To develop a hybrid beam system utilising composite materials ideally suited for 
use in civil engineering.
•  To investigate a structural beam element with stiffiiess limitations as a principal 
factor in the design.
• To confine the concrete in the structural beam element described above to 
determine any structural benefits such a procedure would create.
•  To characterise a new APC material ideally suited for the civil engineering 
industry.
• To determine the effects of different aggressive environments on the properties of 
the new APC materials.
• To utilise an analytical solution using published design equations to determine the 
performance of the hybrid beam.
• To develop a numerical solution using a commercially available finite element 
(FE) package to determine the performance of the hybrid beam.
1.5 Layout of Study
The structure of the thesis is described in this section. A total of 7 chapters, including 
this introductory chapter, are presented.
Chapter 2 presents the review of previous work and is particularly concerned with the 
development of the hybrid beam concept. An account of six particular hybrid beam 
designs, fi'om various authors, is presented, with a concluding summary detailing the 
lessons to be learnt from the initial work undertaken. This chapter also reviews the 
work carried out on bonding APCs, the durabihty concerns associated with APC
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materials and APC materials combined with concrete, and various numerical and 
analytical studies.
Chapter 3 presents a description and experimental characterisation of the APC 
materials utilised in this study. This includes the longitudinal tensile strength and 
stiffness, the Interlaminar strength, the flexural strength and stiffness, the inplane 
shear strength and the creep response. Additionally, the effects on the material of tap 
water, salt solution, UV radiation, temperature, simulated concrete pore solution and 
freshly cast concrete were all determined.
Chapter 4 considers the design and development of the hybrid beam. This is achieved 
utilising standard design equations and concludes with a parameter study to determine 
the beam cross-sectional geometries.
Chapter 5 is divided into two parts. The first part is concerned with the manufacturing 
technique utilised in the fabrication of the hybrid beams. The second part describes 
both the short and long term testing regimes to determine the small-scale hybrid beam 
performances.
Chapter 6 presents the results of both the linear and non-linear FE analysis which 
were carried out using Patran 2000 (2000) as a pre-processor and ABAQUS v5.8 
(1998) as the analysis and post processor. These results were then compared with the 
experimental results determined in chapters 4 and 5 respectively.
Chapter 7 concludes the work undertaken in this study and draws together the various 
aspects of the project. Recommendations for further work are also presented in this 
chapter.
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2.0 REVIEW OF PREVIOUS WORK
2.1 Hybrid Beam Development
th e  concept of using fibre-reinforced polymers (FRPs) in combination with concrete 
is not a new one. Indeed, Fardis and Khalili (1981, 1982) identified the potential for 
these types of materials in the early eighties with the introduction of FRP encased 
concrete compression and flexural members. The concept of the hybrid beam has 
since been developed firom the initial encapsulation of a plain concrete beams with 
FRP materials to those that are designed to use both the FRP and the concrete to their 
maximum efficiency. The following sections will discuss advancement of the 
composite materials and the hybrid beam developments over the past 20 years. As the 
use of these Advanced Polymer Composite (APC) materials in the civil engineering 
industry becomes more established, there is a need to identify in service issues 
associated with environments where this type of construction is to be used. Studies of 
the effects of water and other aggressive environments on composite materials and 
hybrid systems will be reviewed.
2.1.1 Initial concept (Fardis & Khalili, 1981 & 1982)
Fardis and Khalili reported research work in 1981 on the complete encapsulation of 
plain concrete with glass fibre reinforced plastics (GFRP). Initially, they identified 
that encapsulating concrete cylinders with GFRP would improve the strength and 
ductility of the concrete. Additionally, they speculated that the in service properties of 
the concrete might be improved as the encapsulation material serves as a near 
watertight barrier to the concrete. Confining concrete to improve its properties has 
been attempted before using steel and isotropic plastic materials. Knowles and Park 
(1969) have shown that steel is an ineffective material to be used as a confinement
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medium for compression members (columns). This is due to the concrete haying a 
lower Poisson’s ratio than steel; hence separation occurs when both materials are 
under the same axial strain; the gap may also form as the concrete shrinks during cure. 
In addition, steel can potentially stiffen the member and redistribute load to other 
parts o f the structure for which it was not designed (Karbhari and Seible, 1999). 
However, by wrapping the concrete cylinder with a Fibre Reinforced Polymer (FRP) 
material, the combination of a lower Poisson’s ratio and the fibres aligned in the hoop 
direction results in improvements to the ultimate stress to failure of the system. 
Results for the cylinder tests indeed showed that an improvement in failure loads and 
ductility occurred with an increase in the thickness of the encasing FRP layers.
Fardis and Khalih’s initial research work progressed to full encapsulation of a plain 
concrete beam section (Fardis and Khalili, 1982). They observed that the optimum 
shape for FRP confinement is a semicircular section within the compression zone. 
However, in terms of practicality and in comparison to other conventional structural 
elements, a rectangular section was chosen. Their beams consisted of a concrete core 
surrounded by a FRP box section. The FRP carries the tensile forces in the flange of 
the beam, partially confines the concrete in the compressive region and partially 
resists the shear forces in the beam through the two sides. The concrete provides the 
main compressive strength and prevents local buckling of the FRP casing. A wet lay­
up manual technique of manufacture was utilised in the construction of the beams. A 
diagrammatic representation of their beam cross-section is presented in Figure 2.0. 
Two plies of wetted bi-directional glass fibre^ were hand layed up against the internal 
face of a wooden mould (female tool). Unidirectional (UD) reinforcement layers^ 
were then added to the flange of the beam. After part curing for 24 hours at room 
temperature (RT), the concrete (28 N/mm^ target strength) was poured into the U- 
section permanent FRP shuttering. Before testing in 4-point bending at 28 days, a 
fiirther 2 layers of fibreglass cloth^ were added to the top and sides. Five beams (76 
mm X 152 mm with a span of 1.22 m) were manufactured in this way: one with no UD 
reinforcement in the flange, two with 5 layers of reinforcement and two with 10 layers
 ^Balanced woven roving fibreglass, 814 g/m ,^ 50:50 polyester resin:fibreglass, 0.51 mm thick ply 
 ^Unidirectional fibreglass, 441 g/m ,^ 50:50 polyester resin:fihreglass, 0.53 mm thick ply 
 ^Fibreglass cloth, 339 g/m \ 50:50 polyester resin:fibreglass, 0.38 mm thick ply
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of UD reinforcement. The concrete strength varied from 28 N/mm^ to 48 N/mm^. In 
all cases, where the beams were reinforced in the tensile flange, failure was in a 
ductile fashion involving crushing of the concrete in the compressive region. The FRP 
casing remained intact and removal of the encapsulation after testing showed that 
tensile and shear failure of the concrete was evident and that it was crushed in the 
pure bending moment of the beam. Fardis and Khalili concluded that complete 
encapsulation of a plain concrete beam increased its ultimate failure capacity when 
compared to a typical conventional reinforced concrete beam with the same 
dimensions. However, midspan deflections were shown to be more than twice that of 
a similar RC beam due to the relatively low modulus of the FRP materials used.
Concrete Core
Fibreglass cloth
Balanced woven 
roving fibreglass^
152 mm
UD reinforcement
Figure 2.0: Diagrammatic representation of Fardis and Khalili’s encapsulated beam 
Author’s Comments
This initial development by Fardis and Khalili of FRP encasing plain concrete beams 
demonstrated some of the advantages of using these types of systems. They 
recognised that a FRP permanent shuttering would reduce costs compared with re­
usable formwork and that durability issues connected to RC beams would be 
eliminated, in effect reducing maintenance costs. They also identified that the FRP 
casings could be mass-produced, although their manufacturing technique of wet lay­
up has been replaced by the many automated or semi-automated techniques for APC 
systems, resulting in improvements in quality of the composite material. 
Improvements in the stiffness value of the section could be attained by using a higher 
modulus fibre composite.
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2.1.2 Design of rectangular hybrid sections (Triantafillou and Meier, 1992)
Analytical work carried out by Triantafillou and Meier (1992) was the first attempt to 
design a hybrid section. They recognised that if the use of FRP materials in the 
construction industry was to be viable a manufacturing process should be an 
automated one. Pultrusion was one such process which enabled the mass production 
of GFRP. It is an automated process in which fibres are either pulled through a resin 
bath or the resin is injected into a heated die, creating a cured composite (Hollaway, 
1993).
A glass fibre reinforced polymer (GFRP) thin walled box section could be readily 
mass-produced, but the section suffers fi'om a number of disadvantages. These 
include: (i) the tensile flange is considerably stronger than the compressive flange, 
GFRP has a compressive strength of about half its tensile strength because of local 
buckling phenomena; (ii) failure is usually in a brittle manner and without warning; 
(iii) the design is often stiffiiess driven due to the low modulus of GFRP, most designs 
are over reinforced, fi'om a strength point of view, because of displacement 
requirements.
In (i) above, the comment made by Triantafillou and Meier regarding the compressive 
strength is misleading as the pultruded sections can be improved by increasing the 
thickness of the fiange appropriately. The buckling capacity of the web could also be 
improved by increasing its thickness. Triantafillou and Meier proposed a new design 
concept to overcome some of these disadvantages associated with pultruded sections. 
A more efficient box section would have the compression stresses carried by a 
material with a high compressive strength, Le. concrete. Also, a different composite 
material should be used in the fiange with a lower failure strain than GFRP to give a 
warning before failure. A UD carbon fibre reinforced polymer (CFRP) not only has a 
lower failure strain but also a higher modulus of elasticity, therefore giving the 
additional advantage of a stiffer section; furthermore, CFRP is practically creep fi'ee 
(Raghavan et al, 1997). Triantafillou and Meier also recognised, along with Fardis and 
Khalili (1981, 1982), that part of the cross-section should be used as permanent 
formwork for the concrete thus reducing the construction/manufacturing costs. A
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diagrammatic representation of their proposed section can be seen in Figure 2.1. They 
also recognised that a good bond would be required at the interface between the 
concrete and GFRP permanent shuttering to allow complete composite action between 
the two materials when under load. They suggested using either an epoxy adhesive to 
form this bond between the two materials or a mechanical key in the GFRP face, or to 
provide a combination of the two methods.
Part of Triantafillou and Meier’s analysis was to identify potential failure mechanisms 
likely to be experienced by the proposed hybrid section when it is loaded in bending. 
They concluded that the following mechanisms could be influential: (i) the webs 
could buckle or fracture due to shear stresses, causing a shear failure; (ii) one or more 
beam elements could fail due to normal stresses, causing a flexural failure; (iii) the 
beam could experience lateral torsional buckling; (iv) the bond at the concrete-FRP 
interface could faü. However, the last failure mechanism was discounted in this study 
with the assumption that a sufficiently good bond could be achieved with an epoxy 
adhesive, the shear strength at the interface being higher than that of the concrete. The 
average web shear strength has been calculated from theory (Timoshenko and Gere, 
1961) and is directly related to the thickness of the webs and the square of the depth 
of the webs. Limiting the section’s height to width ratio of approximately 3 prevents 
lateral instability. This value is taken from practical experience and is likely to be a 
reasonably conservative estimate.
GFRP 
permanent 
shuttering
GFRP
Concrete
CFRP
Figure 2.1: Diagrammatic representation of Triantafillou and Meier’s proposed hybrid 
beam design
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Author’s Comments
The work carried out by Triantafillou and Meier (1992) demonstrated the possibilities 
of a true hybrid section. The ability to use concrete in only the compressive region, 
where it is most effective, combined with a material which has good tensile 
characteristics, potentially allows designers to create lightweight, efficient structural 
elements. However, the box section suggested by Meier and Triantafillou has some 
disadvantages. Using GFRP webs require relatively large thickness sections to prevent 
buckling, therefore requiring more material There are also limitations with pultruded 
sections. These include variability in the quality of the material and a limit to the size 
of sections that can practically (and economically) be produced. The size of section is 
limited to the size of the die used in the manufacturing process and as the die is 
expensive, there is a limitation to using standard sections.
2.1.3 Graphite/epoxy I and box sections with concrete slab (Saiidi et al, 1994)
The problems associated with standard reinforced concrete (RC) highway bridges and 
other structures is well known, with the world’s infrastructure predominately 
deteriorating firom the corrosion of steel reinforcing bars (discussed in “Recent 
advances in bridge engineering, 1997, NSF, 1993 and Non-metallic (FRP) 
reinforcement for concrete structures, 1997”). Research work carried out by Saiidi et 
al (1994) identified the existence of this problem and consequently sought a solution 
using FRP materials. Their research work investigated the use of graphite/epoxy 
(CFRP) sections as a direct replacement for steel elements. They combined two 
different types of CFRP section (I and box geometry’s) with RC slabs to determine 
the performance of such structures as an alternative to conventional construction 
techniques. Six beams were fabricated and tested statically to failure. Three beams of 
each type were manufactured; two of the three were combined with a slab, the third 
was a standalone CFRP beam as a reference condition. Two concrete target strengths 
were utilised for both CFRP section types (28 N/mm^ and 41 N/mm^). Actual values 
were 41.1 N/mm^ and 59.6 N/mm^ respectively. A diagrammatic representation of 
these test specimens can be seen in Figure 2.2. The spans of the beams were 1.067m 
and 1.295m for the I and box section respectively. These spans provided reasonable 
span to depth ratios. The widths of the concrete slabs were chosen to be four times the
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CFRP flange widths and were recommended to be the effective limit for individual 
beams (AGI 318-89).
Steel 
reinforcing 
bars VÆ //////À  .  ? »  ^
Concrete slab 
CFRP I section
38.1
79.5
CFRP Section/Slab combination (Type 1 - 1 section) 
305
Steel 
reinforcing 
bars
50.8
Concrete slab
CFRP Box section
All dimensions 
in mm74.9
CFRP Section/Slab combination (Type 2 -  Box section)
Figure 2.2: Diagrammatic representation of the two beam sections used by Saiidi et al 
in their experimental study
The advanced polymer composite (APC) used for this study consisted of UD carbon 
fibres set in an epoxy matrix. The beams were all manufactured using the filament 
winding method. This technique allows rovings or single fibres to pass through a bath 
of resin before being wound onto a rotating mandrel at a given angle (Hollaway, 
1990). The resin is then cured at a given temperature, using an oven or heating lamps, 
to produce the finished composite. Two different laminates were selected in 
construction of the beams using ply thickness ranging from 0.15 to 0.22 mm. The
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fibres were orientated at either 90° or +/- 7° relative to the longitudinal axis of the 
laminates. A uniform thickness of 6.4 mm was achieved for the I sections, but was 
approximately 3.8 mm at the comers of the box sections. The CFRP sections were 
bonded to the concrete slab with an epoxy adhesive; the adhesive was applied to the 
top of these sections prior to pouring of the concrete. The name of the adhesive was 
not given but was reported as being a two-part epoxy stmctural adhesive supplied by 
Lord Industrial Adhesives. All beams were instrumented for testing with strain gauges 
and Linear Voltage Displacement Transformers (LYDTs). They were tested in 4-point 
bending with a maximum bending area in the centre of the beam of 381 mm. This 
distance was reduced to 305 mm for the last CFRP box/slab specimen to make flexure 
more dominant.
The CFRP I section without a slab behaved linearly up to failure. The beam 
eventually failed in the web with a vertical crack in the shear span. The effect of the 
concrete slab was to double the stiffness of the section. However, at relatively low 
loads, approximately 50% of the ultimate failure load, a reduction in the stiffiiess 
occurred. This was shown to be due to slippage at the interface between the concrete 
and the CFRP section. The box section failed by local buckling of the webs at the 
point of load application. The ultimate failure load of this beam was less than that of 
the equivalent I section. The box sections, incorporating the slabs, exhibited a similar 
response to that of the I sections, the slippage was evident at loads of approximately 
60% of the ultimate failure load. In general, the ultimate failure load of the CFRP 
box/slab section was approximately 35% greater than the CFRP I/slab section 
combinations.
Saiidi et al Observations
Saiidi et al concluded that these types of CFRP beams used in combination with 
concrete could be used as replacements for steel in highway structures and other 
construction applications. However, the bond between the concrete and CFRP section 
was only partially effective and other methods of interaction between the two 
materials would need to be investigated. The optimum geometrical cross-section and 
fibre orientation would also need to be identified. They discovered that the stifffiess
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and strength of the thin walled CFRP elements was deficient. Improvements would 
have to be made especially with respect to buckling of the webs.
Author’s Comments
The work carried out by Saiidi et al (1994) identified one of the most potentially 
suitable applications for APC materials. The corrosion of steel I sections is a 
possibility and the strengthening of these types of structural units has recently been 
reported utilising APC materials (Garden, 2001). With the use of more durable 
materials as a replacement for steel, these potentially expensive remedial works are 
avoidable. However, previous use of the filament winding technique of manufacture 
was limited. A large number of 0.15 mm to 0.22 mm thick plies were required to 
manufacture an element with a thickness of 6.4 mm. Modem methods have improved 
but the filament-winding manufacturing technique do limit the user to a small number 
of geometrical cross-section. Plies of 1 mm thick have recently been developed and 
this thickness is more relevant to these types of applications. The problem of the lack 
of stiffness of thin walled stmctiu*es is also evident in this study, consequently further 
buckling resistance is required for the webs.
2.1.4 Experimental work of rectangular hybrid beam design (Deskovic et al, 1995)
Experimental work by Deskovic et al in 1995 was carried out to determine whether 
the hybrid beam design suggested by Triantafillou and Meier (1992) (see section 
2.1.2) was actually feasible. Deskovic et al identified the need to determine the short 
and long term properties of these types of beams using static, creep and fatigue 
loading regimes. Initially, the beams were to be tested statically in flexure to 
determine their strength, stiffness and ductility. The objective of this work was to test 
the feasibility of a hybrid beam and not produce an optimised section. Therefore, 
fabrication of the beam did not include permanent formwork to cast the concrete.
The method of manufacture utilised was the filament winding technique, similar to 
that of Saiidi et al (1994). The three fabricated beams had a slight variation in 
thickness of material in the webs and fiange: the GFRP web thickness ranged from 2.9 
to 3.8mm, the GFRP fiange thickness from 4.9 to 5.8mm and the area of CFRP from
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20 to 25mm^. The beams were manufactured by winding two layers at +/-45°, giving a 
thickness of 1.5mm, followed by a 2mm thick prefabricated +/-45° GFRP plate. The 
plate was held in place by a single winding at a steep angle. A further two layers of 
+/-45° windings were placed to additionally increase the thickness. The fibres were 
orientated at an angle of 45° to maximise the shear strength of the webs. Short carbon 
fibres saturated with an epoxy resin were used to fill any gaps between the plate and 
wound layers at the comers of the beams. The GFRP plates were also manufactured in 
the lab using eight layers of a prepreg material. A prepreg (or pre-impregnated fibre) 
is a material consisting of continuous fibres in a partially cured matrix, usually in the 
form of flat sheets (Hollaway, 1993). In this case, glass fibres were used in an epoxy 
resin matrix. The prepreg plies were bonded together under a vacuum of 0.2MPa and 
cured at a constant temperature of 120°C for 4 hours in accordance with vacuum bag 
and autoclave techniques. The winding of the beam took approximately 5 hours. After 
completion, the GFRP beam was wrapped in a silicone impregnated nylon mesh (to 
absorb excess resin) and two layers of perforated self-adhesive tape which allowed for 
resin leakage and which gave a smooth surface finish. Four aluminium plates were 
then placed on each face to ensure a good contact between the GFRP and steel 
mandrel The whole system was covered in a tissue, to absorb further excess resin, 
and placed into a vacuum bag and cured in an autoclave under a pressure of 0.2MPa 
for 3 and 9 hours at 80°C and 150°C respectively. After curing, the mandrel was 
extmded and the beams were cut to 3.2m, giving a span of 3m. The finished cross- 
section was 300mm deep by 180mm wide.
Before placement of the concrete, the GFRP beams were tested elastically in 3-point 
bending to determine their stif&iess. They were loaded to a maximum of lOkN at a 
rate of 4kN/min. Load and midspan deflection were measured using a load cell and 
LVDTs. A 0/45/90° rosette of strain gauges was attached to the webs of the beam at 
mid height to determine the shear strain. Subsequently to this testing, a 53mm thick 
concrete layer was cast on top of the GFRP. Two vertical plywood shutters held in 
place by clamps formed the concrete. Any gaps were sealed using a silicone sealant. 
The GFRP surface in contact with the concrete was first cleaned with acetone, before 
application of a two-part adhesive. After 20mins, to allow the adhesive to partly cure, 
the concrete was poured into the formwork and the concrete element of the beam was
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allowed to cure at 20°C and 70% relative humidity (RH) for 28 days. Two 1mm thick 
pultruded CFRP plates (10mm wide) were bonded near the comers of the GFRP 
tensile flange, a few days after the concrete had cured for 28 days, to provide 
additional tensile reinforcement.
The three hybrid beams were all tested in 3-point bending at a rate of 20kN/min until 
complete failure occurred. Plywood diaphragms were inserted at the supports and 
midspan to prevent local failure. The beams were instrumented with strain gauges and 
LVDTs and data was collected using a computerised data acquisition system. The first 
beam failed as designed with a carbon failure followed by debonding at the 
GFRP/concrete interface. This interface was investigated using infrared spectroscopy 
and some remains of the silicone impregnated nylon mesh and adhesive were 
discovered. However, for subsequent beams it was decided to improve this interface 
using shear connectors. Two parallel lines of 190mm centred, slightly pretensioned, 
steel bolts were used to obtain the improvement in shear. Holes were drilled through 
the concrete layer and GFRP top flange before placement of the bolts with a low 
viscosity epoxy resin. The authors recognised that this was not the optimum solution 
to increase the bond strength, but they were utilised in this case for convenience. The 
second and third beam consequently failed initially with CFRP failure, followed by 
concrete cmshing at midspan at a higher load than the first beam (an increase of 
approximately 20%). The failure of the CFRP was sudden in aU cases with the 
laminate debonding fi'om the GFRP which remained intact. At the point of CFRP 
failure, the load dropped but then continued to increase past the CFRP failure load 
until crushing of the concrete occurred.
A further four beams were subjected to long term loading regimes. It is generally 
accepted that carbon fibres do not creep (Bunsell et al, 1983) and so a laminate 
consisting of fibres orientated wholly UD can be regarded as creep resistant. This is 
not the case for laminates with off-axis fibres where the laminates are loaded in the 
longitudinal direction; clearly, the matrix will be more affected by this sustained 
loading (Sturgeon, 1978). Therefore, the GFRP with the orientations of +/-45° will be 
affected by sustained and longitudinal cyclic loading. Furthermore, a concrete 
member under sustained load will creep.
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Initially beams 4 and 5 were loaded with 40 and 60kN respectively in 4-point bending 
for one day. Deflections and strain were recorded as discussed previously. After one 
day of sustained loading, the beams were then subjected to cyclic loading at a 
frequency of 4.2Hz. The load ranged fi'om 20-60kN and 40-80kN for beams 4 and 5 
respectively. Measurements were taken at selected cycle intervals. Fatigue testing of 
beam 4 was interrupted due to failure of one of the supports at 3.3 million cycles. The 
CFRP in the flange of beam 5 failed after 4.4 million cycles. This beam was 
subsequently tested to failure statically and failed by concrete crushing at midspan. 
Beams 6 and 7 were both subjected to sustained loads of 43 and 39kN respectively; 
beam 6 was located indoors at roughly a constant temperature and beam 7 was located 
outdoors to experience a weathering environment. The results reported are after a 
period of 6 months.
Deskovic et al Observations
The authors concluded that a hybrid beam was both feasible and economical with 
many desirable mechanical behaviour characteristics. These included pseudoductility 
and high strength and stiffiiess, whilst maintaining a low weight. The CFRP in the 
flange served as a sensor, warning of imminent collapse of the structure. The concept 
of using materials where they are most effective, the concrete in the compressive 
region and the FRP in the tensile zone, demonstrated an efficient cross-section. The 
hybrid beams also showed a good response to long-term loading. However, there was 
evidence of a reduction in stiffiiess with time for the designed section and this resulted 
in failure of the CFRP for beam 5. The initial effect of weathering on the long term 
loading characteristics of beam 7 showed no additional detrimental effects. However, 
the authors suggested that the GFRP material would need to be protected against 
severe moisture and ultra violet (UV) radiation through the use of coatings. Finally, 
the possible effects of the concrete alkaline environment on the glass fibres in the 
bonded GFRP/concrete interface were judged to be minimal due to the insulating 
effect of the adhesive layer and the minor structural role of GFRP in this area.
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Author’s Comments
The experimental work carried out by Deskovic et al (1995) showed the feasibility of 
hybrid sections under both short and long term loading. However, the manufacturing 
techniques utilised by the authors did display weaknesses during the testing 
programme. For instance, the failure of the first beam was due to the inadequate bond 
between the concrete and GFRP interface. The manufacture of the beam was highly 
sensitive to human error and as such a more simplistic technique of fabrication was 
required to ensure construction detail was repeatable. Furthermore, the interface 
between the concrete and GFRP was shown to be of paramount importance. 
Therefore, an effective method of shear transfer was required, whether by mechanical 
or chemical means. The method used by Deskovic et al on subsequent beams, steel 
bolts as shear connectors, was far fi'om the optimum solution. The drilling of holes 
through the section not only added extra labour costs but also removed the continuity 
of the fibres in the APC material. The durability issue associated with the utilisation 
of steel bolts, would negate one of the advantages of using APCs (i.e. their inherent 
durability characteristics). Another potential advantage of hybrid beams, the use of 
permanent formwork to cast the concrete, was recognised but not utilised due to the 
method of manufacture and construction problems. Long term testing of the beams 
showed a potential weakness in terms of a reduction in stiffness and premature failure 
of the tensile reinforcement. However, the long-term creep and fatigue properties of 
concrete are known to be deficient and will arguably dominate the overall 
performance of the hybrid system. The beams were strength designed and as such the 
stiffness requirements are in doubt when compared with RC beams. At ultimate 
failure the midspan deflection was span/75, far greater than the deflections associated 
with other conventional design techniques and by the limits set by Eurocode 2 
(Mosley et al, 1996).
2.1.5 Combination of pultruded sections with concrete (Hall and Mottram, 1996, 
1998)
HaU and Mottram investigated the use of standard “off the shelf' pultruded FRP 
sections in combination with concrete in 1996 and continued with further tests being 
reported in 1998. The concept behind their work was to use standard GFRP pultruded
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shapes, which had become available in 1994, to provide both permanent formwork for 
the concrete and tensile reinforcement for the beam. The authors recognised that using 
standard sections would not produce an optimum solution in terms of performance, 
but was regarded as sufficient for their investigation. Figure 2.3 shows details of the 
GFRP pultruded section, used commercially as a floor panel. The whole panel 
consists of ten repeating monosymmetric I-sections to give a total width of 500 mm. 
The material was manufactured from a low cost polyester resin matrix reinforced with 
E-glass fibres. The reinforcing system consisted of UD rovings and continuous 
filament mat (CFM), as shown in Figure 2.3.
Approx CFM thickness = 0.6 
(flange)
Approx CFM thickness = 2 
(web)
Approx UD thickness = 0.7
Idp
I
i 
i
dPI
49
>1
95
40
All dimensions 
in mm
Figure 2.3: Diagrammatic representation of pultruded system used by Hall and 
Mottram
The objective of this work was to analyse experimentally the flexural behaviour of 
twelve beams manufactiu'ed using a combination of these pultruded sections and 
concrete. The configurations of these beams are shown in Figure 2.4. The beams 
varied in a number of ways as discussed below: (i) the type of concrete used; (ii) the 
depth of concrete; (iii) the bonding of concrete to the FRP; (iv) the reinforcement 
arrangement.
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Beam 1&2 Beams 3-6 Beams 7&8 Beams
9&10
Beams
11&12
140
160
180
All dimensions120
mmm
Figure 2.4: Diagrammatic representation of the different hybrid beam configurations 
used by Hall and Mottram.
Beams 1 to 3 used a lightweight concrete with the objective of developing a 
hghtweight panel which was seen as a significant advantage. Beams 4 to 12 used a 
normal grade 30 concrete but with the inclusion of steel fibres after discovering that 
the concrete in beams 1 to 3 had an inferior shear strength and stiffness which was 
significant in affecting the performance of the beam. The first two beams and one of 
each pair of beams 7 to 12 had no bond between the concrete and FRP material The 
other beams were bonded using Sikadur 31 epoxy mortar. The FRP surface was 
roughened and cleaned with acetone before apphcation of the adhesive. The concrete 
was cast firesh before the mortar had time to cure. The beams were instrumented with 
strain gauges on the GFRP surface, demec gauges on the concrete depth and 
deflection transducers above the load points at midspan and at the ends of the beam. 
The beams were then tested in 4-point bending approximately 14 days after the 
concrete was cast. The span of each beam was 2m, giving a constant moment length 
of 800mm and a shear span of 600mm.
Foiu* different failure mechanisms were identified fi’om the beam testing. The first and 
most dominant mechanism was concrete shear failure (seven out of twelve beams 
failed in this way). A visual early warning of this failure mode was identified by a 
flexural crack in the tensile region causing localised debonding. At the ultimate failure 
load, the crack extended diagonally to the nearest load point. The crack then 
redirected along the FRP/concrete interface until it reached a free end. The same
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concrete shear failure mechanism was observed by Garden and Hollaway (1998) 
when investigating plate bonding of RC beams with CFRP. Two beams (Hall and 
Mottram) (numbers 6 and 10) both failed by a sudden fracture in the shear span. As 
these two beams were unbonded between the concrete and GFRP, the bond capacity 
had been exceeded and a section of concrete detached itself from the reinforcement. 
The beams that were bonded with Sikadur 31 (numbers 7, 9 and 11) showed an 
improved performance to the unbonded beams. The shear crack that propagated along 
the GFRP/concrete interface was within the concrete and not the epoxy adhesive. 
Beam 11 failed by a concrete compressive failure at the maximum bending moment in 
the centre of the beam. The final failure mechanism was due to a fracture in the GFRP 
reinforcement. This occurred to beam 5 at the interface between the web and base of 
the pultruded section. An investigation showed that the failure was due to a poor resin 
wet-out dining the manufacture of the pultruded section.
Hall and Mottram Observations
The authors concluded that successful hybrid beams could be manufactured using 
putruded GFRP sections and concrete. However, they noted that experimental data 
might be unrepresentative due to the high variability of the concrete strength 
(strengths ranged from 24.7 to 50.8 MPa). They also noticed a large number of tensile 
cracks in the concrete next to the reinforcement. The dominant failure mechanism was 
by concrete shear failure and they commented on the lack of shear reinforcement in 
the hybrid beams. They also recognised the importance of a good bond between the 
FRP and concrete and hence concluded that the use of an adhesive was important in 
achieving a complete composite action. To develop lightweight members, it was 
suggested that voided concrete should be used in the tension zone of the concrete 
where cracks would normally develop.
Author*s Comments
The beams manufactured and tested by Hall and Mottram again identified the 
potential weaknesses associated with hybrid beams i.e. the bond between the FRP and 
concrete. Although the authors recognised that the failure of the material in their study 
was likely to be caused by poor wet-out of fibres, associated with poor manufacturing 
techniques by the fabricator. The importance of material quality is obvious. The
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authors also expected that beams 1 and 2 would give the best location of the FRP 
reinforcement due to mechanical interlocking and an aesthetically pleasing soffit. 
However, they identified that the lightweight concrete in these beams proved to have 
insufficient stiffiiess and shear strength and later beams were adapted accordingly but 
without repeating the reinforcement orientation. Early warning of the most dominant 
failure mechanism was by visual means only and consequently improved alternative 
methods to obtain an indication of the failure mode may be required.
2.1.6 Balanced rectangular section (Canning et al, 1999a, 1999b)
The work carried out by Canning et al in 1999 on a rectangular hybrid beam system 
demonstrated significant improvements over existing research work; their work was 
based on that of Triantafillou and Meier (1992). The concept of only using concrete in 
the compressive region of the beam, with the FRP material in the tensile region, was 
utilised. Canning et al recognised that this produces a more efficient beam. The 
concrete in the tensile region of a RC beam (up to 50% of the weight) is essentially 
“dead” weight, ie . serves no structural purpose. The concrete is necessary in this 
region to protect the steel reinforcement. However, as the concrete is weak in tension 
a series of cracks wiU develop in this region and by capillary action aggressive 
solutions will attack the reinforcing steel. Furthermore, by extending the FRP into the 
compressive region of the beam, permanent formwork will be formed; this was 
incorporated into the rectangular beam design.
A number of ways of preventing web buckling was analysed by the authors using a 
Finite Element (FE) technique of eigenvalue extraction. The model was developed 
utilising PATRAN Version 6.0 (1996) as a pre-processor and analysed with 
ABAQUS Version 5.5 (1996). The various configurations of web stiffening are shown 
in Figure 2.5 (Canning et al, 1999b). It was decided to use a foam sandwich 
construction as the means of resisting buckling loads from the point of view of ease of 
construction. However, the FE analysis showed that a series of vertical stiffeners 
between the two webs was the most material efficient configuration but the 
construction method was deemed to be more complicated.
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Figure 2.5: Diagrammatic representation of the different web stiffening methods 
employed by Canning et al. (1999b)
A number of 1.5m span beams were constructed as per the cross-section shown in 
Figure 2.6. The materials used in the investigation were low temperature curing 
prepregs of +/- 45° GFRP and UD CFRP (the longitudinal stiffness was 10.7 GPa for 
the +/- 45° GFRP and 142.7 GPa for the UD CFRP). The first fabricated beam used 
10 plies of +/- 45° GFRP and four plies of UD CFRP; each ply of +/- 45° GFRP 
prepreg was 0.3mm thick giving a total web thickness of 3mm, each ply of UD CFRP
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was 0.15mm thick giving a total thickness of 0.6mm. In subsequent beams the number 
of GFRP layers was reduced to seven after testing showed that fewer plies were 
required to achieve a balanced section. The manufacture of the beam was undertaken 
using the vacuum bag technique. A MDF tool was first manufactured to the required 
shape and covered in a PTFE film to ease demoulding. The first beam, constructed to 
aerospace specification, took three days and two separate cure cycles to manufacture, 
but subsequent beams took less than a day and used one cure cycle. The modified 
beam had two plies of +/- 45° GFRP as an inner face, before placement of the foam 
with a resin film, thereafter five layers of +/- 45° GFRP were laid as an outer face. 
Four layers of UD CFRP were interleaved between the GFRP layers. In general, after 
three layers a vacuum was applied to consolidate the material and to remove any air 
voids. This process is termed debulking. When the lay-up had been completed, the 
beam was cured in an oven at 60°C for 16 hours, still under vacuum. This temperature 
of 60°C was far lower than traditional prepreg materials used by the aerospace and 
other industries (ACG, 2000). After demoulding, a GFRP plate was made in the same 
way using six plies and bonded in place to support the concrete. In addition, support 
diaphragms were also constructed from ten plies of GFRP and placed at the support 
locations. The concrete, that was either bonded in place or fi-eshly cast, had a design 
strength of 40 N/mm^.
Concrete
Inner face GFRP 
thickness = 0.6
Foam
117.7Outer face GFRP 
thickness =1.5
CFRP thickness 
=  0.6
3.6
All dimensions 
in mm
Figure 2.6: Diagrammatic representation of the cross-section used by Canning et al.
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Another important part of this study was to investigate the different ways in obtaining 
the necessary shear transfer between the concrete and GFRP permanent shuttering. 
This study experimentally tested six methods to obtain the shear bond both 
mechanically and adhesively. The various methods are explained further in section 2.3 
of this chapter but all methods examined showed a degree of composite action, with 
the adhesive technique being more successful than mechanical fastening. Testing of 
the beams was carried out in 4-point bending, with a 300mm pure bending moment 
and a shear span of 600mm. Beams were instrumented with electrical resistance strain 
gauges down the midspan and rosettes were placed on the webs in the shear span. 
Deflection was measured at the midspan using a LVDT.
Cannins et al Observations
From the experimental results the authors concluded that the hybrid beam had an 
ultimate moment capacity of 14.29 kNm and a long-term flexural rigidity of 150 
kNm^. This compares to a RC beam of similar dimensions to the hybrid one; the RC 
beam has an approximate ultimate moment capacity of 13.5 kNm and a long-term 
flexural rigidity of 445 kNm^. Although the ultimate capacity of the hybrid beam was 
equivalent to that of the RC beam (with similar dimensions), the deflection was 
greater. At a serviceability load of 25kN (the ultimate failure load was approximately 
50kN), the deflection limit was approximately Span/175. This compares to the 
Span/250 for a serviceability load seen in Eurocode 2 for a RC beam (Mosley et al, 
1996) giving a 30% increase in deflection for the hybrid beam. However, the beam 
was designed with strength in mind and not stif&iess constraints. The design also 
produced a balance section as in all cases the concrete failed by compression in the 
pure bending moment, but with the strain in the CFRP also close to failure. This 
showed that the materials were being used to their maximum efficiency but there was 
no warning of premature failure. The authors additionally noted that the reduction in 
weight associated with the removal of the concrete in the tensile region was 
approximately 78%. This obviously has additional benefits in terms of reduced bridge 
foundations, lightweight cranes and ease of handling.
To complement the short term testing, four beams were tested to determine their long­
term properties. Three beams were subjected to a creep load and one beam was
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subjected to fatigue loading cycles. The four beams had the same cross-section shown 
in Figure 2.5 and an adhesive bond between the hardened concrete and the GFRP 
permanent shuttering obtained the necessary shear transfer. The three creep beams 
were subjected to a serviceability load of 25kN for 6 months before testing statically 
to failiu'e in 4-point bending. The fatigue beam was cycled between zero and 2 tonnes 
at 0.5Hz for a total of 10  ^ cycles, again before testing to failure in 4-point bending. 
From these tests the author concluded that the creep and fatigue behaviour of the 
hybrid beam was significantly improved compared with a RC beam with similar 
dimensions.
Author’s Comments
From this study by Canning et al, significant advances have been seen over previous 
hybrid beam research. The concept of using the FRP as permanent formwork has been 
recognised by previous authors but it had not been implemented. The use of low 
temperature curing prepreg materials also allowed for greater flexibility in beam 
design, improved quality of the finished product and curing cycles at temperatures 
more applicable to civil engineering purposes. The low ciuing temperature allows for 
the possibility of curing in tents on site. However, the individual ply thickness of the 
material, designed for aeronautical and space applications, was small and hence a 
relatively large number of plies was required to obtain the necessary thickness.
2.1.7 Main conclusions obtained from hybrid beam development review
From the review of work on previous hybrid beam systems a number of conclusions 
have been drawn by the author of this thesis and are deemed to be important when 
considering further research work:
• The utilisation of the FRP as permanent formwork as well as a structural 
component should be explored further. The advantages of this system include 
removal of any temporary formwork and the method potentially improves the 
durability of the concrete.
•  The concept of using concrete in the compressive region of the beam and FRP 
materials in the tensile region is obviously attractive. Concrete has an 
extremely low tensile strength, consequently the removal of the material fi*om
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this region eradicates the problems associated with tension cracking and 
additionally allows a significant reduction in the weight of a beam.
•  The type of material used and the manufacturing technique employed is seen 
as an important issue. To improve the viability of hybrid beam concepts in 
civil engineering construction, the material must be of a consistent quality and 
fabrication methods must be as simple as possible.
•  The interface between the concrete and FRP material was also shown to have 
an essential role. To obtain full composite action between the two different 
materials, a medium is required to provide the necessary shear transfer. The 
options available to achieve this bond are discussed in section 2.3 of this 
chapter.
•  A further failure mechanism associated with thin walled FRP structures is 
buckling of the webs. The geometry of any hybrid system must be such that 
buckling is prevented and some of the available options have been seen in 
Canning et al (1999b). Any buckling prevention measures must be practical 
when scaled up to a full size beam.
• The long-term properties of hybrid beams are susceptible to creep and 
reductions in stiffness and as such any further research work must include 
investigations of this kind. However, Canning (2001) concluded that the 
effects of creep and fatigue cycles were reduced (when compared to a RC 
beam) if a hybrid beam was utilised as the concrete is only used in the 
compressive region of the beam.
2.2 Analytical and numerical modelling of hybrid beams
The structural capabilities of APC and hybrid beams have been studied both 
analytically and numerically as well as experimentally by a number of authors. The 
analytical and numerical techniques are useful in determining the performance of a 
structure without resorting to the more expensive experimental investigations. The 
work discussed in this section will include the types and methods utilised and the 
important failure mechanisms to be identified.
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The analytical study of the proposed hybrid beam section by TriantafiUou and Meier 
(1992), described in section 2.1.2, identified some important design criteria. For 
instance, the hybrid beam could fail in a number of different ways; (i) the webs may 
buckle or fracture due to high shear stresses (a shear failure); (ii) any part of the beam 
may fail due to normal stresses (a flexural failure); (iii) the beam may buckle laterally 
(a lateral torsional buckling failure); or (iv) the FRP/concrete interface may debond (a 
shear bond failure). A number of design equations for (i), (ii) and (iii) are proposed to 
determine which mechanism would dominate. The authors assumed that a sufficient 
bond would be obtainable with epoxy adhesives and so did not consider the final 
failure mechanism. Consequently, a simplified design methodology was also proposed 
which allowed the calculation of the deflection for a given load, depth of section and 
thickness of web and CFRP flange. If the stiffness requirements are not met, then any 
of these parameters can be increased to obtain the required section performance. 
These equations were used to design the experimental hybrid cross-section used by 
Deskovic et al (1995), as described in section 2.1.4. The material properties used in 
the design were obtained from concrete cylinder tests and GFRP tensile coupon tests 
(dimensions of 25 mm x 160 mm). The coupons were cut from the flange and the 
webs at the end of the beams. The results for the concrete cylinders gave a typical 
stress/strain curve obtainable from a number of text books (Neville, 1995). The GFRP 
gave an initial linear response (where stiffness values were taken), followed by a non­
linear portion of the graph (after a strain of approximately 0.006). The CFRP gave a 
linear elastic response until failure. Additionally, the section was also studied using 
finite element (FE) analysis, although the FE package utilised was not given. This 
method of analysis accounted for the non-linearity of the materials. Four-node bilinear 
thick-shell elements with orthotropic material properties were utilised for the GFRP 
and CFRP. The concrete layer was studied using eight-node isoparametric brick 
elements. The authors concluded that good agreement with experimental results could 
be obtained from both analytical and numerical methods of analysis.
The hybrid system investigated by Hall and Mottram (1998), described in section 
2.1.5, was also analysed using an analytical methodology. The authors used a similar 
methodology to that utilised by Deskovic et al (1995). The stress/strain relationship of 
the concrete was taken from Neville (1995) and the pultruded material assumed to be
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linear elastic over the required stress range. The authors concluded that the results 
gave a reasonable agreement for five of the beams up to ultimate failure. The other 
seven beams tested gave a poorer correlation. In general, as the failure moment was 
approached, the analytical midspan deflection and tensile strain predicted by the 
analytical technique was lower than that obtained experimentally; this result indicated 
that the stifhiess was over predicted. However, as stated by the authors, as the 
ultimate moment is approached, the stress/strain curve of the concrete may not 
faithfully predict the behaviour of the concrete in the compression zone. The accuracy 
of the concrete surface strains is in doubt; experimentally the readings were measured 
using demec gauges and linear interpolation. No testing of the material was 
undertaken, only data supplied by the manufacturers. Consequently, there is a doubt 
on the reliability of the utilised pultruded GFRP material properties. However, the 
analytical model provided useful comparisons with the experimental work at 
serviceability levels.
The two different hybrid slab constructions described in section 2.1.3 that were tested 
experimentally by Saiidi et al (1994) were also analytically modelled to predict the 
ultimate failure load and stiffness. The results from the model were generally in good 
agreement at loads of approximately 25% of the ultimate failure load. However, at 
this point the analytical results deviated from experimental values. This deviation in 
results is likely to be due to slippage between the CFRP section and concrete, which 
was not predicted analytically. The measured loads were 50% lower than predicted for 
the CFRP box-sections. The authors attributed this to the irregularity of the wall 
thickness of the CFRP box sections and the small thickness at the comers. A lower 
bound deflection was subsequently calculated using the minimum thickness from the 
box section (a thickness of 3.8 mm instead of 6.4 mm). This produced a more reliable 
load-deflection curve.
A FE analysis was undertaken by Canning et al (1999b) on the rectangular hybrid 
section described in section 2.1.6. The FE packages utilised were Patran v.6.0 as a 
pre-processor and ABAQUS v.5.5 as the analysis tool and post-processor. Quadratic 
brick elements were used for CFRP, GFRP and concrete materials. The material 
properties were obtained from APC coupon and concrete cylinder tests (Canning,
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2001). A Static linear elastic analysis was utilised which accurately predicted the 
behaviour of the beam up to a serviceability load. Additionally, a buckling analysis 
was undertaken to determine buckling loads and modes. This was achieved using a 
linear eigenvalue extraction methodology and gave a good indication of the different 
buckling capabilities of the different beam configurations studied by Canning et al 
(1999b). Similarly, Gan et al (1999a, 1999b) predicted the buckling behaviour of 
pultruded box beams and deck panels. The authors also used ABAQUS as the FE 
package and an eigenvalue methodology of predicting the location and magnitude of 
buckling loads. Additionally, a post buckling analysis was undertaken with the results 
of the buckling modes. The modes were introduced into the model as geometric 
imperfections to determine where local buckling would take place. The authors noted 
that local buckling did not cause the structure to collapse immediately, but was still 
capable of carrying significant loads. The eigenvalue method of predicting buckling 
was also successfully undertaken by Kouchakzadeh and Sekine (2000) on a 
rectangular composite laminate. Consequently, this method of studying the buckling 
behaviour of a thin walled structure is regarded as being effective. The FE analysis 
can be effectively used to develop optimum cross-sectional profiles in terms of their 
buckling resistance and mechanical behaviours. Suresh and Malhotra (1998) utilised 
this analysis to develop CFRP and GFRP box beams. They identified that an 
improved buckling resistance would be achieved in GFRP box section with the fibres 
orientated at +/-45°. However, for a CFRP box section, improved buckling loads were 
obtainable with fibres orientated at +/-25°.
Author’s Comments
The review of previous work on the analytical and numerical methods of predicting 
the behaviour of hybrid beams in section 2.2 shows the possibilities of comparing 
experimental results with other forms of analysis. Although in some cases the 
analytical methods of accurately predicting their behaviour is variable, specifically 
with the analysis of concrete after the beam has reached its serviceability value, the 
FE analysis shows good agreement with experimental data (particularly if the non­
linear properties of the materials are taken into account). The eigenvalue extraction 
methodology of predicting the buckling behaviour is also well documented and 
appears to be successful in indicating the likely buckling modes and magnitudes.
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2.3 Bonding of APCs
The bond between APCs and concrete has been investigated in a number of different 
ways. In terms of the plate bonding of CFRP strips onto the base of RC beams, an 
epoxy adhesive is invariably used, sometimes in combination with mechanical fixings 
at the end of the plates where stresses are at a maximum (Garden and HoUaway, 1998, 
Mohamed Ali et al, 2001, Luke, 2001, Toutanji and Ortiz, 2001). Flexural and shear 
strengthening of RC beams with CFRP strips was carried out using a commercially 
available epoxy resin adhesive and a rubber toughened epoxy by Norris et al (1997). 
Both methods were found to be effective. A number of tests have been derived to 
determine the bond strength between concrete and FRP materials. Five compressive 
bond tests were carried out by Saiidi et al (1994) as part of their investigation on 
hybrid beam systems. These tests were performed using a 28.6 x 6.4mm CFRP plate 
bonded with an epoxy structural adhesive to fi-esh concrete. Three of the tests had an 
average 28 day compressive cube strength for the concrete component of the 
specimen of 21.85 MPa and the remaining two specimens had an average concrete 
strength of 33.65 MPa. A compressive load was applied to the top of the plate and 
deflection was measured at the top and bottom using dial gauges. The lowest bond 
strength obtained was 3.57 MPa, which was approximately twice the estimated 
maximum interface bond stress experienced by the hybrid beams in their experimental 
work.
Hall and Mottram (1998) carried out another type of bond test before undertaking 
their experimental work. This involved a push-out test with commercially available 
FRP rebars instead of the pultruded section used in their experimental work. The 
concrete used in the push-out test had an average compressive strength of 33.8 MPa. 
Three specimens were bonded to the fresh concrete with Sikadur 31 epoxy mortar, a 
further three were not bonded. In aU cases for the bonded specimens, concrete failiu'e 
was noted to be in a conical fashion. The specimens not bonded with an adhesive 
failed at the interface between the concrete and FRP. The average bond strength for 
the bonded and unbonded specimens was 5.2 and 3.3 MPa respectively.
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The two types of bond tests described above were developed by the authors and were 
not performed to an equivalent standard. Despite this fact, the ability for the epoxy 
adhesive to bond to fresh concrete was shown to be highly successful However, 
research work carried out by Deskovic et al (1995) showed the opposite to be true. 
The hybrid beams described in section 2.1.4 used a two-part epoxy adhesive to bond 
the fresh concrete to the FRP material. The testing of the first beam showed a lack of 
composite action with failure of the beam at the GFRP and concrete interface. To 
overcome this problem Deskovic et al decided to use shear studs in subsequent beams. 
This was achieved using slightly pretensioned steel bolts in two parallel lines at a 
spacing of 190mm (the beams had a span of 3m). They were bonded in place using a 
low viscosity epoxy resin. Deskovic et al reported that composite dowels had also 
been used as an alternative. They noted that this method of bonding the GFRP and 
concrete was far from optimum but proved to be effective in their investigation. The 
use of a adhesive bond and mechanical fastening would appear to be an over elaborate 
attempt to achieve the necessary shear transfer.
The most extensive research work investigating the various methods of bonding FRP 
to concrete has been carried out by Canning et al (1999a). In this study, six different 
techniques were tested experimentally on a rectangular hybrid beam (see section 
2.1.6) to determine the effectiveness of mechanical and chemical bonding measures. 
These included: (i) a mechanical technique using indents in the permanent shuttering; 
(ii) a bonding technique in which the concrete was removed from the permanent 
shuttering after curing, grit-blasting the adjacent sides to the permanent shuttering and 
then bonding it back into the shuttering with an epoxy adhesive; (iii) a mechanical 
technique in which the concrete was cast around pre-fixed bolts positioned through 
the permanent shuttering; (iv) a bonding technique in which a resin was injected into a 
gap formed between the cured concrete and shuttering; (v) a bonding technique in 
which a negative pressure was applied at one end of the beam to fill a gap formed 
between the concrete and shuttering; and (vi) a bonding technique in which the 
adhesive was placed on the permanent shuttering before the fresh concrete was 
poured. From experimental results, the authors concluded that the two mechanical 
means of obtaining shear transfer were the least effective. The beam with the indents 
failed by separation of the concrete and GFRP shuttering at relatively low loads and
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with the bolted beam cracks were seen in the concrete above the bolt positions. In 
both cases, the shuttering buckled away from the concrete, which may have been a 
contributing factor to the ultimate failure of the beam. The resin injecting and pressure 
assisted bonding of a gap between the concrete and GFRP shuttering was shown to be 
effective. However, it was estimated that 40% of the bonded area had air voids and it 
was not possible to create a 100% complete bond. The most effective method of 
obtaining a 100% bond was achieved with the removal of the cured concrete, grit 
blasting and bonding back into place with an epoxy adhesive. This also produced the 
greatest flexural capacity beam. However, due to practical site problems the technique 
is not recommended. The authors conclude that the bolted and the adhesively bonded 
to fresh concrete beams would be the most suited to site application, the latter method 
being the most practical one for site.
Author’s Comments
The review of work described in section 2.3 shows the importance of producing an 
effective bond between the concrete and APC material. Although a number of 
methods have been adopted, the use of an epoxy adhesive appears in most cases to be 
an adequate method of achieving the necessary shear transfer.
2.4 Durability of APCs
The durability issue of any material used in the civil engineering industry is an 
important one and as such research has been and is being undertaken on APCs. The 
life of a structure ean vary greatly depending on the environment to which it is 
subjected. In construction, APCs will be exposed to high temperature, water, salt 
solutions and ultra violet radiation is certain.
Saha (2000) studied the effect of moisture absorption on the static tensile and 
compressive properties of carbon and aramid fibre/epoxy composites. He identified 
that moisture absorption is related to the hygroscopicity of the fibres and matrix of the 
composite as well as the stacking sequence of the laminates. The results reported for 
the CFRP are of particular interest to this current study and will be discussed below. 
The two types of CFRP composite used by the author were carbon CC201 fibres (non-
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hygroscopic) in a 1/5 satin weave style with an epoxy resin matrix; one type used 
seven plies, to form a 0/90° stacking sequence (a fibre dominated behaviour), the 
other used seven plies to create a +/- 45° stacking sequence (a matrix dominated 
behaviour). Details of fibre volume fi*action were not given. Half of the batch of 
specimens were subjected to what they described as m  “accelerated wet conditioning” 
up to saturation, the other half was left unconditioned, as received. The results 
obtained showed that the tensile and compressive stifhiess for the 0/90° CFRP was 
reduced by only 2.4% when saturated,,although compressive strength was reduced by 
26.5%. For the +/- 45° CFRP (which is matrix dominated) the tensile stiffness was 
reduced by 48.8% and the compressive stifftiess by 22.6%. However, the compressive 
strength was less affected and was reduced by 4.1%. As can be seen firom these 
results, water absorption can be considered a problem depending on the fibre type and 
orientation, but more importantly by the matrix material
Work carried out by Chin et al (1998) on the environmental effects on composite 
matrix resins used in construction confirms the important role that the matrix has on 
the overall durability of the APC material Two types of matrix material, viz. vinyl 
ester and isopolyester resins, were immersed into distilled water, salt water and an 
artificial concrete pore solution (giving a pH of 13.5) for 1300 hours and under these 
condition were subjected to ambient temperature, 60°C and 90°C. Tensile testing of 
these samples showed a reduction in properties for all environments and temperatures. 
In the case of isopolyester at 90°C, specimens were so severely degraded after 10 
weeks that tensile testing was impossible. The elevated temperatures have a 
significant effect on the overall durability of the composite material This is confirmed 
with the investigation by Odegard and Kumosa (2000) which showed that major 
reductions in longitudinal stiffness and shear modulus are witnessed in 
graphite/polyimide composites due to an increase in temperature.
Similarly, research work has been reported by Nguyen et al (1997) on the changes in 
Interlaminar Shear Strength (ILSS) of GFRP composites with matrices of epoxy (Tg = 
75°C), vinyl ester (Tg = 111°C) and isophthalic polyester (Tg = 118°C) when exposed 
to distilled water, artificial seawater and simulated concrete pore solution (pH 12.5) at 
60°C. Results showed that the ILSS decreased for all of the GFRP composites in
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every condition but reached their own stable minimum value. The rate and the time 
for reaching this minimum were a function of both the matrix and the test solution. 
The epoxy and polyester matrices were affected the most, particularly by the concrete 
pore solution. In addition to matrix materials being susceptible to aggressive 
solutions, the durability of glass fibres in an alkaline environment (such as that found 
in concrete) is a major concern (Mobasher & Shah, 1989, Shah et al, 1988). This is of 
particular importance due to the widespread use of glass fibrps as a reinforcing 
material for concrete (Griffiths and Ball, 2000). Work reported by Marikunte et al 
(1997) and Shah et al (1988) on glass fibre reinforced cement composites (GFRC) 
identified this problem. The cement hydration process results in the creation of lime 
crystals and calcium silicate hydrates when the GFRC composites are immersed in 
water or subjected to weathering (water and temperature exposure). These hydration 
products penetrate the fibre bundles, filling the interstitial spaces between glass 
filaments causing embrittlement and lack of ductility. Work carried out by Liao and 
Tan (2001) investigated the influence that moisture has on the strength degradation of 
UD E-glass fibre reinforced epoxy (the epoxy resin chosen, cured at room temperature 
to minimise thermal residual stresses resulting from curing). Specimens were tested in 
tension after aging in water at room temperature for 500 and 4320 hours. They 
concluded that stress-fi-ee aging of the composite resulted in strength degradation. 
This degradation in strength can be attributed, in part, to in-situ fibre strength 
degradation and that moisture induced internal stress plays a major role. Therefore, 
they conclude that moisture induced stress, combined with aggressive environments, 
could lead to strength degradation of embedded glass fibres.
This damage to the glass fibres/matrix-fibre interface was also investigated by Liao et 
al (1999) on pultruded E-glass fibre reinforced vinyl ester composites. The flexural 
strength and modulus were obtained for 0 ° (fibre roving parallel to the longitudinal 
axis) and 90° (fibre roving perpendicular to the longitudinal axis) specimens under a 
number of environmental conditions. The 0° specimens were exposed to: (i) de­
ionised water for 3900 hours at room temperatiu*e, (ii) 5% salt solution (NaCl) for 
3980 hours at room temperature, (iii) 10% salt solution for 6570 hours at room 
temperature, (iv) de-ionised water for 2400 hours at 75°C. The 90° specimens were 
subjected to de-ionised water for 7940 hours at room temperature and de-ionised
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water for 1360 hours at 75°C. Additionally, the tensile strength and modulus was 
obtained for 0 ° specimens when exposed to de-ionised water for 9120 hours at room 
temperature. The authors concluded that there was little change to the flexural 
modulus of the 0° specimens in any of the environmental conditions. There was a 10% 
drop in modulus for the specimens in the heated water but this value was not outside 
the experimental uncertainty. However, the flexural strength was more severely 
effected with a 4.8, 12, 13 and 40% reduction for exposures (i), (ii), (iii) and (iv) 
respectively. Again, the high temperature seemed to have the most effect. The 90° 
specimens showed a similar pattern but to a worse extent, with the 75°C water causing 
a reduction of 19% in the flexural modulus value and a drop of 54% in the flexural 
strength. The tensile properties were also reduced with a 23% reduction in tensile 
modulus and a 29% reduction in tensile strength. Similarly, the effects of accelerated 
and outdoor weathering on the flexural properties of CFRP (epoxy resin matrix) 
laminates (at 0°, 45° and 90° directions) were investigated by Byon and Kudo (2001). 
The accelerated exposiu*e consisted of up to 20 cycles; where each cycle included a 
24-hour salt spray test, a 100 hours sunshine weather test and then 44 hrs left at room 
temperature. In the outdoor exposure test, specimens were placed on a rack near the 
sea and tested after a given number of months. The results showed that there were 
only minor reductions in the flexural strength and modulus for any of the laminates 
(with any fibre orientation); the largest reduction was a 4.6% drop in the flexural 
strength of the 90° CFRP laminate when exposed to the accelerated weatherability test 
(the outdoor exposure gave a 3.6% drop in flexural strength). In addition, the authors 
tested the unreinforced epoxy matrix under the same conditions and found that the 
flexural strength and the modulus were reduced by approximately 9.2% and 7.2% for 
the accelerated weatherability test and outdoor exposures respectively. Hence, the 
matrix is again shown to be the considering factor in environmental aging and that 
carbon fibres appear to be more resistant to such factors. This research work confirms 
the requirement that the environmental effects on any new APC material should be 
investigated.
Further work on the durability of APC material has included their fatigue behaviour 
on exposure to various environments. Shan and Liao (2001) investigated the effects of 
fatigue loading on UD glass fibre reinforced and glass/carbon fibre reinforced epoxy
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matrix composite materials in both air and distilled water. Their research work 
concluded that cyclic loading in distilled water significantly reduces the fatigue life of 
both types of composite material. However, the glass/carbon hybrid specimens 
showed an improved performance in water compared with the glass specimens. 
Consequently, the addition of carbon to a glass composite material wiU improve the 
fatigue performance of the material Similarly, work carried out by McBagonluri et al 
(2 0 0 0 ) on a commercially available glass/vinyl ester composite indicated the same 
reduction in properties after fatigue cycling. However, they discovered that the fatigue 
damage when exposed to fi*esh water, salt water and as delivered were aU simftaf. 
Their results indicate that the fatigue failure in GFRP composites is fibre dominated 
with a characteristic slope of 10% ultimate tensile strength (UTS) per decade.
Author’s Comments
The work that has been discussed in section 2.4 of this chapter identifies some 
potential problems when using APCs in civil engineering applications. The 
susceptibility of glass fibres fi*om alkali attack and elevated temperatures is clearly a 
problem. However, the durable characteristics of carbon fibres is also witnessed. The 
main concern regarding carbon fibre composites appears to be the durability of the 
matrix component. If the matrix does not degrade on exposure to aggressive 
environments, then the fibres will be protected. Therefore, the choice of fibre and 
particularly the resin type is of particular importance when considering durability 
issues.
2.5 Durability of hybrid systems
Research work by Toutanji (1999) investigated the durability of concrete cylinders 
wrapped with either CFRP (two different types utilised) or GFRP (again two different 
types used) sheets. Two types of epoxy systems were also used to determine any 
differences in environmental durability. Concrete cylinders that had been wrapped and 
left unconfined were both subjected to 300 cycles of wetting and drying. One cycle 
consisted of 4 hrs exposure to a saline solution followed by 2 hrs exposure to a dry 
environment (temperature of 35°C and 90% RH). The author concluded that the
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environment in which the wrapped cylinders were subjected had no significant effect 
on the CFRP confined cylinders with either epoxy system. However, the GFRP 
confined cylinders exhibited a reduction in strength of 1 0 % and 18% for one type of 
epoxy and no reduction in strength for the other. The author hypothesised that one 
epoxy system had degraded and allowed the environment to attack the glass fibres and 
hence caused a loss in their confinement effectiveness. Despite even the 18% drop in 
strength for one GFRP wrap, the confined cylinder still maintained a 150% increase in 
strength compared to an unwrapped cylinder. In all other cases, the increase in 
strength due to confinement was between 2 and 3.5 times as great as an unconfined 
cylinder, with the additional benefit of improved ductility. Consequently, the hybrid 
system utilised in this research was regarded as being durable in a saline, humid 
environment. Similarly, work undertaken by Toutanji and Saafi (2001) on concrete 
cylinders encased in PVC and FRP hoops gave comparable results when subjected to 
wet/dry cycling. The wet/dry cycle was the same as described by Toutanji (1999) 
previously but with an 8  h wet exposure and a 16 h dry period. PVC tubes with 
prepreg hoops (at differing spacing) of either CFRP, Aramid FRP or GFRP (see 
Figure 2.7) were subjected to 200 and 400 cycles in this wet/dry environment. 
Additionally, further specimens were subjected to 200 and 400 days of a fi*eeze/thaw 
cycle. Each cycle consisted of alternately lowering the temperature from 18°C to -  
15°C and raising it from -15°C to 18°C in one day. From the results of these tests, the 
authors concluded that the PVC-CFRP encased concrete cylinders showed no loss in 
strength in either wet/dry or fi'eeze/thaw environments. However, the PVC-GFRP 
encased concrete cylinders had a reduction of up to 7% and 18% in strength for 200 
and 400 days of freeze/thaw cycling respectively and a reduction of 3% and up to 
15% in strength for 200 and 400 cycles in a wet/dry environment. Again, the research 
work carried out by Toutanji and Saafi (2001) showed the significance of both the 
environment in which the materials are exposed and the type of material which is used 
in the hybrid system.
S '
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Concrete Core
PVC Pipe FRP Hoop
Figure 2.1: Diagrammatic representation of the PVC-FRP tubes used by Toutanji and 
Saafi (2001) in their experimental testing
Durability studies have also been undertaken on beam structures utilising APC 
materials in combination with concrete. Toutanji and Gomez (1997) undertook an 
investigation on the environmental effects on FRP plate bonded concrete beams. Their 
study used two different CFRP and GFRP sheets (as used by Toutanji (1999) in the 
confinement of cylinders described previously in this section) and three different 
epoxy systems to strengthen the tension face of a number of 300 mm span concrete 
beams. The beams were then exposed to 300 wet/dry cycles as per the encased 
cylinders described previously (Toutanji, 1999) before testing in 4-point bending to 
failure. The authors discovered that there was a reduction in strength for all beams 
strengthened with both CFRP and GFRP that were exposed to the environment when 
compared to beams that remained at room temperature. Reductions in strength ranged 
jfrom between 19% and 33% for one epoxy system to 3% and 8 % for another type. In 
aU cases the beams failed at the concrete/FRP interface and so the reduction in 
strength was attributed to a deterioration in the bond between the two materials. There 
was no evidence of any fibre failure in either the CFRP or GFRP sheets. A beam 
structure was also investigated by Lau and Zhou (2001). A number of 525 mm long 
RC beams were strengthened on the tension face with three layers of GFRP before 
being subjected to either fi'esh water, saline water, alkaline solution (pH 10) or acidic 
solution (pH 4) environments. They remained in these conditions for six months 
before they were tested in 3-point loading to failure. The results gave a reduction in
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Strength for all exposure conditions: 6.2% in water, 7.5% in saline wafer, 5.4% in 
alkaline solution and 6.9% in acidic solution. The authors suggested that this 
reduction in strength was due to absorption of water in the matrix of the composite 
material or degradation of the concrete from the aggressive environments. However, 
this reduction in strength is fairly minimal considering that an unstrengthened plain 
RC beam suffering a decrease in strength of 24% in an acidic environment.
Environmental effects were also considering for the hybrid beam designed by 
Canning et al (1999a) which was described in section 2.1.6 of this chapter. However, 
750 mm span beams were utilised instead of the 1.5 m span beams described 
previously. Two beams were subjected to both a warm/humid and freeze/thaw 
environments. The warm/humid environment consisted of a temperature of 36°C and 
RH of 98%. The two beams were exposed to these conditions for 2000 hours before 
testing to failure in 3-point bending. One freeze/thaw cycle consisted of a temperature 
range from -27°C to 50°C in one 24-hour period. This continued for 2000 hours (83 
cycles in total) before testing the two beams to failure in 3-point bending. In all cases 
the failure mode was by crushing of the concrete at midspan followed by tensile 
failure of the flange. The authors concluded that no significant adverse affects were 
witnessed from either environmental regime and hence the hybrid beam that was 
designed was shown to be durable in such environments.
As discussed previously, the bond between the concrete and APC material is critical 
to produce full composite action between the different materials. Consequently, the 
environmental effects on the bond at this interface are vital in assessing the overall 
durability of the hybrid system. Research work was undertaken by Mukhopadhyaya et 
al (1998) to determine the effects of wet/dry and freeze/thaw cycling on the epoxy 
adhesive bond between concrete (two 28 day target strengths utilised, 35 and 50 MPa) 
and a pultruded GFRP plate. This was achieved using a push-off double lap shear test. 
The three different exposure regimes were; (i) alternate wet/dry cycles in a solution of 
5% NaCl; (ii) freeze/thaw cycles; (iii) and a combination of wet and freeze/thaw 
cycles. The wet/dry cycle consisted of one week immersion in the NaCl solution 
followed by one week drying in air. A total of 18 such cycles were completed. The 
freeze/thaw regime consisted of 2  cycles per day with each cycle alternating between
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20°C and -17°C. A total of 450 cycles were undertaken. The third regime consisted of 
one-week immersion in salt solution followed by one-week exposure to freeze/thaw 
conditions. This regime continued for 36 weeks, ie . 18 weeks immersion in salt and 
252 cycles of freeze/thaw. The authors concluded that the adverse environmental 
conditions had no effect on the strength of the joint, although longer exposure times 
may have had influence due to other contributing factors. Firstly, it was observed that 
the failure mode was predominately by concrete shearing, with the adhesive still 
intact. However, the specimens exposed to a combination of wet and fi'eeze/thaw 
cycling showed a marked difference to this failure mode. There were large areas of 
adhesion failure between the concrete and adhesive, with significantly more 
indications in the lower strength concrete. Clearly, the strength of the concrete will 
have a bearing on the deterioration of the interface. Secondly, all the exposure 
regimes increased the length over which the force was transferred fi"om the plate to 
the concrete and it progressively increased the process of debonding fi*om the fi*ee 
edge. Additionally, the magnitude of plate slippage was greater and higher 
dimensional changes and differential movements between the plate and concrete were 
witnessed when exposed to the environmental regimes. All these factors suggest that 
on longer exposure times, the bond between the concrete and GFRP plate would 
degrade more rapidly when exposed to environmental factors, particularly with 
combined salt solution and fi'eeze/thaw exposures.
Research work carried out by Griffiths and Ball (2000) investigated the durability of 
glass fibre reinforced polyester polymer concrete. Flexural tests were undertaken on 
small beams (140 mm span) after exposure to (i) water, (ii) 10% saline solution, (iii) 
gasohne (pH 4), (iv) diesel fiiel (pH 4), (v) engine oil (pH 4), (vi) 10% hydrochloric 
acid (pH 1.5), (vii) 10% sulphuric acid (pH 1.5), (viii) 10% sodium hydroxide (pH 13) 
and (iv) UV radiation. Exposure times were up to 7 months for water and saline 
solution, up to 3 weeks for gasoline, diesel fuel and engine oil, up to 15 days in the 
acids and sodium hydroxide and 8  weeks for the UV radiation. The authors concluded 
that the water exposure had no noticeable effect on flexural strength after 3 weeks but 
suffered a 20% reduction after 7 months. The specimens subjected to saline solution 
suffered a 20% and 35% reduction in strength after 3 weeks and 7 months 
respectively. There were no adverse effects caused by the exposure to gasoline, diesel
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fuel or engine oil, either mechanically or physically. Considerable loss of flexural 
strength was obtained when exposed to the acids and strong alkali solutions; results 
showed a drop of 18%, 24% and 38% for the H2SO4 , HCl and NaOH respectively. 
Additionally, visual damage was witnessed in the form of lightening in colour and 
pitting of the gelcoat. The exposure to 8  weeks of UV radiation gave a loss in flexural 
strength of 24% and would be considered unacceptable for use in civil engineering 
applications which were exposed to sunlight. The use of this type of material is 
therefore very limited due to the environmental degradation suffered by a number of 
different exposures. Consequently, glass fibre reinforced polyester polymer concrete 
is generally only used for industrial flooring and underground pipes. The problem of 
durability is clearly an issue when improvements in current technology are addressed.
Author*s Comments
The durability of hybrid systems is clearly an issue which needs to be addressed when 
considering the use of such technology in civil engineering infrastructure. The 
research discussed in section 2.5 shows that certain materials have the potential to 
improve the overall durability of a structure when compared to a normal RC structure. 
The material fi*om which the hybrid beams were manufactured, (designed by Canning 
et al (1999a)), showed no deterioration after 2000 hours exposure to both warm/humid 
and fi'eeze/thaw conditions; these conditions are likely to be encountered on site. In 
general, the use o f CFRP laminates tends to have an improved durability when 
compared to GFRP. However, there needs to be a balance between improving the 
mechanical properties, such as confining concrete columns and strengthening concrete 
beams, and cost effectiveness of using such materials. Clearly, the initial benefits of 
retrofitting a concrete column with a GFRP wrap are lost if the material is then 
degraded relatively quickly on exposure to its environment. Again, the different 
components of a hybrid system and the environment risks of the structures location 
need to be considered in order to establish the overall durability of a system.
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CHAPTER 3
3.0 MATERIALS AND ADHESIVE CHARACTERISATION
3.1 Materials Utilised
The Advanced Polymer Composite (APC) materials used in this project were all 
prepreg materials supplied by the Advanced Composites Group (ACG). A prepreg (or 
pre-impregnated) material is a product which consists of fibres that have been coated 
in a resin matrix material. The resin is not fully cured to allow flexibility of the 
material to mould and shape it as required before finally curing at temperature. The 
fibres can be manufactured from glass, carbon or aramid and can exist in a number of 
different forms to provide the reinforcement for the matrix. Examples for glass fibres 
includes chopped fibres, chopped strands, chopped strand mats, woven fabrics, 
stitched and surface tissue (HoUaway, 1993). The matrix material can differ, with 
common thermosetting polymers used in prepreg materials being Vinylester, Epoxy 
and Phenolic resins. The curing temperature of the resin can also vary, depending on 
its type and chemical composition. Common prepreg materials utilised in the 
aerospace, automotive and nautical industries have curing temperatures greater than 
120°C (Tsotsis et al, 2001, ACG, 2000).
One resin system (epoxy) and two types of fibres (glass and carbon) have been 
utilised in this project. The resin system was a low temperature curing epoxy resin 
(minimum cure temperature of 65°C) with a glass transition temperature (Tg) of 
approximately 10°C more than the curing temperature. The material can be post cured 
at temperatures higher than the cure temperature and the Tg wiU continue to advance 
10°C above the cure temperature up to a maximum of 140°C. Once fabricated the 
material must be stored at a temperature of -20°C to avoid polymerisation. The outlife 
of the material was greater than two weeks; the outlife being the period of time in 
which the prepreg remains flexible and useable whilst at room temperature. This
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outlife and low curing temperature were due to developments by the supplier to 
produce a material suitable for civil engineering applications. These criteria were 
regarded as being important when initial ideas for the project began. Fabricating 
structures onsite with APC materials would require heating equipment and as such 
lower the cure temperature would reduce the energy requirements. Furthermore, a 
long outlife of over two weeks will reduce the need for onsite refrigeration equipment 
during fabrication and consequently reduce associated costs.
Three types of prepreg material (named xLTM65u) have been characterised in this 
study; (i) a predominately unidirectional (UD) carbon fibre reinforced polymer 
(CFRP), (ii) a 0/90° biaxial glass fibre reinforced polymer (GFRP) and (iii) a +/-45° 
biaxial GFRP. The predominately UD CFRP consisted of a woven fabric with 90% of 
the fibres in the longitudinal and 10% of the fibres in the transverse directions. The 
fabric, as opposed to a UD carbon tape, improves the stability of the prepreg but the 
mechanical properties are, of course, reduced in the longitudinal direction because of 
the nature of the fabric. Initial trials of this CFRP material highlighted difficulties in 
the wetting out of the fibres in such a heavyweight fabric. The fibres were a T300 
carbon with a fabric weight of 393 g/m^, a fibre volume fraction of 50% and an 
individual ply thickness of 0.43 mm. The 0/90° GFRP consisted of a biaxial woven 
fabric (50% of the fibres in each direction). The fibres were E-glass with a fabric 
weight of 850 g/m^, a fibre volume fraction of 50% and an individual ply thickness of 
0.64 mm. Finally, the +/-45° GFRP was stitched as a biaxial fabric; one layer of +45° 
glass fibres are laid down before placement on top of a layer of -45° glass fibres 
which are then stitched together to form the fabric. Again, E-glass fibres were used 
with a fabric weight of 1202 g/m^, a fibre volume fraction of 50% and an individual 
ply thickness of 1.08 mm. The fabrics utilised were heavier than those for the 
aerospace and automotive industries in order to produce a prepreg with a large ply 
thickness. Difficulties with wetting out such a heavyweight fabric have been resolved 
by the supplier and the new materials are regarded as being particularly useful in civil 
engineering applications; a large ply thickness will result in less plies being required 
to obtain a necessary thickness of laminate, hence a reduction in costs associated with 
fabrication times. The fabric types can be seen diagrammatically in Figure 3.0.
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Plain weave woven fabric used for the 
CFRP and 0/90° GFRP
Glass fibres laid at 45° angles and 
then stitched in place
Figure 3.0: Diagrammatic representation of the two types of fabrics used
The composite material was formed by fabricating a number of phes of prepreg, one 
was laid on top of the other to form a plate of a given dimension, and the two were 
consolidated by means of the vacuum bag technique. This technique will be described 
further in Chapter 5. A +/-45° GFRP balanced lay-up was used to avoid warping of 
the material. A balanced lay-up in a stitched fabric is one in which the surfaces of the 
two phes which form the laminate have fibres in the same direction. This was 
achieved for this fabric by inverting the second ply and rotating it through 90° (See 
Figure 3.1).
Direction of
Bottom surface of 
fibre in -45° 
direction
prepreg roll
Roll cut to 
required 
width
Top surface of 
fibre in +45° 
direction
1 turned upside 
down and twisted 
90° before placing 
on 2
Figure 3.1 : Diagrammatic representation of a balanced lay-up for the +/-45° GFRP
The quahty of the laminate was determined by micro analysis and this analysis 
allowed the void ratio of the laminate to be calculated and hence a low voidage
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resulted in a high quality material. Microanalysis has been undertaken by ACG to 
determine the void content of xLTM65u UD CFRP and VTM/266 UD CFRP (see 
section 3.2.7 for details of VTM/266) laminates; the average void contents were 
0.26% and 0.84% respectively.
3.2 Material Testing
The materials were all tested to ASTM standards where possible. The material was 
characterised in order to determine a number of important properties. These included: 
(i) the longitudinal stiffness (En); (ii) the Poisson’s Ratio (1)12); (iii) the Shear 
Modulus (G12); (iv) the flexural modulus (Ep) and (v) the Interlaminar Shear Strength 
(ILSS). Additionally, the ultimate failure stresses and strains and creep characteristics 
of the materials were determined. As well as characterising the different materials to 
obtain the necessary properties for design purposes, the materials were also subjected 
to a variety of environmental conditions in order to establish their durability 
characteristics (essential if the APC materials are to be utilised in civil engineering). 
The large small-scale testing program is discussed in this section. Additionally, a table 
summarising all the various tests is given in Appendix A.
3.2.1 Longitudinal Tensile Testing
Longitudinal tensile testing was undertaken to determine the ultimate failure stress 
and strain of the individual material. All testing was undertaken on coupon specimens 
and in accordance with ASTM D3039M (1995). The dimensions of these coupon 
specimens are given in Figure 3.2. Initially, a plate was manufactured with two plies 
of material as described in section 3.1. This plate was then cut to the correct coupon 
dimensions (see Figure 3.2) with a water-cooled diamond tipped saw. Aluminium end 
tabs were then attached to each end using a two-part 3M^ 9323/2 epoxy adhesive 
which was allowed to cure for 24 hours. Before bonding, one face of the aluminium 
(the face which was to be bonded) and the corresponding length of coupon were
3M Scotch-Weld 9323 B/A Structural adhesive, Manchester, UK
_
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end tabs
1.0- 2.0
150
All measurements in mm 
NOT TO SCALE
roughened with emery paper and cleaned with acetone to ensure a good bond was 
achieved.
Figure 3.2: Diagrammatic representation of the coupon specimens used in the 
longitudinal tensile testing
Three specimens of each of the three materials were gauged with longitudinal and 
transverse 8  mm electrical resistance strain gauges. This was undertaken to determine 
the longitudinal stiffness and Poisson’s ratio of the materials. The coupons were tested 
in tension using an Instron model 1185. The load was apphed at a constant rate of 2 
mm/min in accordance with the aforementioned ASTM D3039M (1995) which states 
that failure should occur between 1 and 10 minutes. The load and strain were 
continuously recorded using an Orion datalogger and a Schlumberger SI3531S data 
acquisition system. A total of 24 coupons were tested in this way; 14 No. UD CFRP, 
5 No. 0/90° GFRP and 10 No. +/-45° GFRP. However, 2 of the 14 UD CFRP coupons 
failed outside the middle third of the specimen and were hence discarded in 
accordance with ASTM D3039M (1995).
Results o f Longitudinal Tensile Testins
The results of the longitudinal tensile testing are summarised in Table 3.0. The values 
in brackets indicate the coefficient of variation (COV) for the specimens (Spiegel, 
1972). The longitudinal tensile stress was calculated by dividing the apphed load by 
the original cross-sectional area. The longitudinal tensile modulus was calculated by
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Æ i .
taking a secant modulus of the linear portion of the stress-strain curve. The stress- 
strain curves for the UD CFRP, 0/90° GFRP and +/-45° GFRP are plotted in Figures 
3.3, 3.4 and 3.5 respectively.
MATERIAL
UD CFRP 
0/90° GFRP 
+/-45° GFRP
Average Long. Stress, 
On (MPa) -  (COV)
808.82 (8 .8 %) 
333.70(11.4%) 
125.13 (3.3%)
A v erse  Long. Stiffness, Average Poisson’s,
Ell (GPa) -  (COV) Ratio Un -  (COV)
85.73 (4.6%) 
23.65 (5.2%) 
13.14(0.9%)
0.21 (11.1%) 
0.20 (6.0%) 
0.57 (4.4%)
Table 3.0: Showing the results of the longitudinal tensile testing at room temperature
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Microstrain
Figure 3.3: Plot of stress against strain for the UD CFRP coupons at room temperature 
(22°C)
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Figure 3.4: Plot of stress against strain for the 0/90® GFRP coupons at room 
temperature (22®C)
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Figure 3.5: Plot of stress against strain for the +/-45® GFRP coupons at room 
temperature (22®C)
On occasions the straightening out of the 0/90® GFRP woven fabric fibres caused 
premature failure of the strain gauges at approximately 50% of the ultimate failure 
strain of the composite sample. This premature failure of strain gauges had not been 
witnessed before on previous testing of stitched GFRP or the predominately UD 
CFRP coupons or on other coupon specimens tested previously at the university. 
Results were still obtained in the linear portion of the graph to allow calculation of 
longitudinal stiffiiess at 0.5% strain, evident in Figure 3.4. The variabihty of the
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results is illustrated in the COV’s shown in Table 3.0. The UD CFRP was found to 
give particularly variable strength results with significant GOV values when 
compared with the +/-45° GFRP materials, hence the decision to undertake further 
tests on UD CFRP specimens. Typical failures of the coupons are shown in Figure 
3.6, the majority of the fractures were in the middle third of the specimen. (A 
discussion on the variabihty of the results is given in section 3.2.8 in this chapter). 
The plot given in Figure 3.3 shows that the behaviour of the UD CFRP is linear 
elastic to failure with a failure strain of approximately 9000-10000 micro strain 
(coupon 2  shows a lower failure strain due to premature failing of one or more strain 
gauges). Figure 3.5 clearly illustrates a linear elastic behaviour for the +/-45® GFRP 
up to approximately 5000 micro strain, before exhibiting classic non-linear 
characteristics. The ultimate strains (between 2% and 3% strain) are far greater than 
that evident in the UD CFRP as would be expected by a matrix dominated material.
k £ . tm € ^ U  w o CPHe
Figure 3.6: Photograph showing typical tensile failures of the three material types
3.2.2 In-plane Shear Testing
The following tests were undertaken to determine the secant shear modulus (Gn) of 
the three materials utilised. Five specimens of UD CFRP and 0/90® GFRP were tested 
according to ASTM D4255 (1983) which is only apphcable for composite materials 
with unidirectional fibres. This standard test utilises the rail shear method of 
determining the shear modulus. The UD CFRP specimens were manufactured from 
four phes of prepreg in order to obtain a thickness of between 1.27 and 3.17 mm as 
stated in ASTM D4255 (1983); this gave an average thickness of 1.80 mm. The 0/90®
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GFRP specimens were fabricated from three plies of prepreg, giving an average 
thickness of 1.92 mm. The specimen dimensions were 152 mm in length by 76 mm 
wide as can be seen in Figure 3.7. The specimens were cut to these dimensions with a 
water-cooled diamond tipped saw. Aluminium tabs were bonded to each side, using 
the same two-part 3M 9323/2 epoxy adhesive described previously, after preparing 
the surfaces with emery paper and cleaning with acetone. The adhesive was allowed 
to cure for 24 hours. Four of the five specimens of each material were gauged on both 
sides with 8  mm electrical resistance strain gauges at 45® to the horizontal. Two of 
the four specimens were gauged with four strain gauges (two on each side) to 
determine whether there was a difference between +45® gauges or —45® gauges. 
Results showed less than a 5% discrepancy and hence the remaining two specimens 
for each of the materials were gauged in the + 45® direction only on both sides.
Aluminium tab
Specimen
Gauge 
Location
~ 2
Note: All dimensions in mm 
Not to scale
Figure 3.7: Diagrammatic representation of the rail shear specimens and photograph 
of the manufactured rig
The specimens were then placed into the rail shear rig that was manufactured as per 
the specifications given in ASTM D4255 (1983). The rig was then located in an 
Instron model 1185 for testing at a rate of 1 mm/min until failure occurred. The load 
and strain readings were taken continuously and recorded using an Orion datalogger 
and a Schlumberger SI3531D data acquisition system. A photograph of the 
experimental test set-up is shown in Figure 3.8.
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Instron testing 
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data acquisition 
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Specimen 
and rigOrion 
Datalogger
Figure 3.8: Photograph showing test set-up for the rail shear experiment
The shear strength of the specimens was then calculated by dividing the failure load 
by the cross-sectional area in which the shear was acting (the length of the specimen 
multipHed by the thickness). The secant shear modulus was calculated by taking the 
slope of the shear stress - shear strain curve at 0.5% shear strain (linear portion).
The +/-45® GFRP specimens were tested in accordance to ASTM D3518M (1994). 
This states that coupons should be tested as per the longitudinal specimens (described 
in section 3.2.1) with longitudinal and transverse strain gauges. Three coupons were 
gauged in this way and were again tested in an Instron model 1185 at a rate of 2 
mm/min until failure occurred. The load and strain readings were taken continuously 
and recorded using the same Orion datalogger and Schlumberger S13531D data 
acquisition system. The shear stress was calculated by dividing the normal stress by 
two. The shear modulus was calculated by taking the slope of the shear stress - shear 
strain curve within the linear portion of the curve.
Results o f  in-plane shear testins
The results of the in-plane shear testing are summarised in Table 3.1 for all three 
material types. The values in brackets indicate the COV for the data. The shear 
modulus is reported at a shear strain of 0.5%. The shear stress-strain curves for the 
UD CFRP, 0/90° GFRP and +/-45° GFRP are plotted in Figures 3.9, 3.10 and 3.11 
respectively.
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M ATERIAL
Average Failure Shear 
Stress, Ti2 (MPa) -  (COV)
Average Shear Modulus, 
Gi2 (GPa) -  (COV)
UD CFRP 77.4 (4.9%) 4.25* (3.0%)
0/90° GFRP 81.2(4.6%) 4.91* (2.5%)
+/-45° GFRP 63.7* (3.8%) 4.61* (1.2 %)
Average of 3 coupons, Average of 4 specimens
Table 3.1: Showing the results of the in-plane shear testing
The plots all show a linear portion of the curve, where the shear modulus was taken, 
before non-linear behaviour was evident. The shear strains for the 0/90° GFRP were 
very high (up to 25%) at failure with the values of UD CFRP and +/-45° GFRP 
specimens at approximately 4-5%.
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Figure 3.9: Plot of shear stress against shear strain for the UD CFRP rail shear 
specimens
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Figure 3.10: Plot of shear stress against shear strain for the 0/90° GFRP rail shear 
specimens
£  50
40
+/-4S GFRP
I  20 Coupon 1 
Coupon 2 
Coupon 3
10000 20000 30000 40000 50000 600000
Shear Microstrain
Figure 3.11: Plot of shear stress against shear strain for +/-45° GFRP coupons 
3.2.3 Flexural testing
The objective of this test was to obtain the flexural properties of the three materials 
investigated. The flexural testing was undertaken in accordance with ASTM D790M 
(1998) which was apphcable to composite materials with fibres in any direction. This 
standard was successfuUy used by Yang et al (2000) when testing the flexural
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properties of uniaxial and biaxial E-glass composite materials. The test methodology 
is shown in Figure 3.12, where testing is undertaken in 3-point bending. The standard 
gives guidelines for the sizes of specimens to be used in the following relationships:
Span (S) / Depth (d) = 40/1 for CFRP 
S / d =  16/1 for GFRP
With a given nominal thickness of 2.0 mm, the spans were consequently calculated to 
be 80 mm and 32 mm for the CFRP and GFRP respectively. Therefore, the lengths of 
the specimens were 100 mm and 50 mm for the CFRP and GFRP respectively, again 
in accordance to the ASTM D790M (1998). To obtain the nominal thickness of 2.0 
mm, the UD CFRP was fabricated from four phes of prepreg, giving an average 
thickness of 1.73 mm. Similarly, the 0/90° GFRP and 4-/-45° GFRP were both 
fabricated from three phes of prepreg, giving an average thickness of 1.89 mm and 
2.89 mm respectively. In ah cases the width of the specimens were 25 mm.
8 mm diameter 
load roller
3 mm diameter 
support roller
Specimen
Span (S)
~ r
Depth (d)
Not to scale
Figure 3.12: Diagrammatic representation of the flexural test method
The test rig for the flexural test was manufactured by the University of Surrey and can 
be seen in Figure 3.13. The rig was placed in an Instron model 1185 after the latter 
was cahbrated in compression. The loading rate was dependent on the material 
thickness and the span; the relationship is given as:
Rate of loading (mm/min) = (0.01 * S ) / ( 6  * d) (M )
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The calculated rates of loading were 6.2, 0.9 and 0.6 mm/min for the UD CFRP, 0/90° 
GFRP and +/-45° GFRP respectively. However, due to equipment limitations, the 
actual loading rates were 5.0, 1.0 and 0.5 mm/min respectively. The deflections were 
measured using two Linear Variable Displacement Transducers (LVDTs) at midspan 
(see Figure 3.13) and were continuously recorded with the load using an Orion 
datalogger and Schlumberger SI3531D data acquisition system. The test was complete 
after the specimen had failed in flexure or had reached a maximum deflection, 
calculated utilising the following equation in accordance to ASTM D790M (1998);
Maximum deflection (ômax) = (0.05 * S^) / ( 6  * d) (^B)
The maximum allowable deflections for the test were calculated to be 30.8, 4.5 and 
3.0 mm for the UD CFRP, 0/90° GFRP and +/-45° GFRP respectively from equation 
3B above. (These values take into account the various spans and thicknesses used).
LVDTs 
positioned atLoaded at 
stated rates in 
compression
midspan
i
Specimen
Span adjustment 
for different 
material types
Figure 3.13: Photograph of experimental set-up for the flexural testing 
Results o f Flexural Testins
A total of 21 specimens were tested, 8  No. UD CFRP, 5 No. 0/90° GFRP and 8  No. 
+/-45° GFRP. On completion of the individual tests, the flexural strength and modulus 
were calculated by utilising the following equations:
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4P
Flexural strength. Of = 
Flexural modulus, Ep =
1.5*P*S
b*d"
S ^* m
4*b*d^
where; P = Load at failure, b = Specimen width, m = Slope of linear section of load/deflection curve
(3D)
A summary of the results is given in Table 3.2. The values in brackets indicate the 
COV for the data. Plots of load against deflection are shown in Figures 3.14, 3.15 and 
3.16 for the UD CFRP, 0/90° GFRP and +/-45° GFRP respectively. The secant 
flexural modulus was calculated at a value of 400 N and 800 N for the CFRP and 
GFRP specimens respectively.
M ATERIAL
UD CFRP 
0/90° GFRP 
+/-45° GFRP
Average Flexural Strength, 
Of (MPa) -  (COV)
Average Flexural Modulus, 
Ef (G Pa)-(CO V)
1197 (4.50%) 
715 (6.29%) 
359 (5.28%)
86.5 (5.66%) 
25.9 (2.14%) 
16.7 (8.03%)
Table 3.2: Showing the results of flexural testing
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Figure 3.14: Plot of load against deflection for the flexural test of UD CFRP
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Figure 3.15: Plot of load against deflection for the flexural test of 0/90° GFRP
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Figure 3.16: Plot of load against deflection for the flexural test of +/-45° GFRP
The results shown were all within the allowable deflections, although the +/-45° 
GFRP was approaching the maximum permissible value. The behaviour of the UD 
CFRP and 0/90° GFRP composites was predominately linear to failure, whereas the 
+/-45° GFRP displayed a non-linear behaviour with particularly erratic behaviour just 
before failure. This may have been caused by the breakage of individual fibres 
resulting in the transfer of load to other fibres. The failure of the UD CFRP composite 
was always in a brittle manner. The results were as expected with the UD CFRP 
composite having the greatest flexural properties.
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3.2.4 Interlaminar Shear Strength (ILSS) testing
The ILSS testing was undertaken in accordance with ASTM D2344 (1984) on aU 
three materials. The testing was carried out in 3-point flexure on small beam 
specimens, the set-up is shown in Figure 3.17. The spans were determined by a 
Span/Thickness ratio depending on the fibre type; the Span/Thickness ratio of glass 
and carbon fibres was 5 and 4 respectively. The sizes of the specimens were 
determined by a Span/Length ratio of 7 and 6  for the glass and carbon fibres 
respectively. A nominal thickness of 6.4 mm gave spans of 32 mm and 25.6 mm and 
lengths of specimens of 44.8 mm and 38.4 mm for the GFRP and CFRP composites 
respectively. The nominal thickness of 6.4 mm was fabricated from 14 phes of UD 
CFRP, 9 phes of 0/90° GFRP and 8  phes of +/-45° GFRP. This gave an average actual 
thickness of 5.97 mm, 5.79 mm and 8.10 mm for the UD CFRP, 0/90° GFRP and +/- 
45° GFRP respectively. In ah cases the nominal width was 6.4 mm.
6.35 mm load
rollerSpecimen
3.2 mm 
support roller
L
b = 6,4 mm
Not to scale
Figure 3.17: Diagrammatic representation of the testing method for ILSS
The same testing rig was used for the ILSS testing as for the flexural testing. The 
equipment was manufactured so that the roUers could be replaced and the span could 
be adjusted to the correct size. The load was apphed via the Instron model 1185 at a 
rate of 1.0 mm/min until failure occurred. Load was continuously recorded using an 
Orion datalogger and Schlumberger data acquistion system. Deflections were not 
recorded. Ah fahures were vahd except those that faded by flexure; vahd fahures are 
shown in Figure 3.18, which has been taken from CRAG (1985). The apparent ILSS 
was calculated by utilising the fo ho wing equation as stated in ASTM D2344 (1984):
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0 7 5 * PApparent ILSS = — —  (MPa) 
b*d
m
A total of 30 specimens were tested, 10 No. UD CFRP, 10 No. 0/90° GFRP and 10 
No. +/-45° GFRP. On completion of the testing, it became apparent that the +/-45° 
GFRP specimens were failing in a combination of flexure and interlaminar shear, see 
Figure 3.19 for a photograph of the failure. It was decided to increase the specimen 
width from 6.4 mm to 25 mm to attempt to induce a complete interlaminar shear 
failure. Additionally, the thickness was reduced from 8  plies to 6  plies, giving an 
average thickness of 6 . 1 2  mm; previously the suppher suggested that a minimum of 8  
plies would be required. Consequently, the testing was repeated for all three material 
types using a specimen width of 25 mm; a total of 15 specimens for each material 
were used. Photographs of these failures are also given in Figure 3.19.
single shear - VALID
multiple shear - VALID
plastic deformation - VALID 
(with evidence of shear failure)
flexural failure - INVALID
Figure 3.18: Diagrammatic representation of vahd failures in ILSS testing
+/-45° GFRP 
specimens
Evidence of 
flexural failure
0/90° GFRP 
specimens
25 mm 6.4 mm
UDCFRP
specimens
Figure 3.19: Photograph showing failures of ILSS specimens with a specimen width 
of 6.4mm and 25 mm.
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Results o f  ILSS testins
The results of the ILSS testing are shown in Table 3.3, the COV for the data are given 
in brackets. The table includes the results of both specimen widths.
MATERIAL
6.4 mm specimens 25 mm specimens
Load (kN) ILSS (MPa) Load (kN) ILSS (MPa)
UD CFRP 3.07 (9.9%) 59.88 (8.7%) 10.51 (7.4%) 53.99 (6.7%)
0/90° GFRP 2.09 (4.3%) 42.14 (4.3%) 9.91 (4.6%) 49.80 (4.9%)
+/-45° GFRP 1.50(12.2%) 21.89(11.7%) 5.78(4.0%) 28.46 (4.3%)
Table 3.3: Showing the results of ILSS testing
Table 3.3 clearly shows the differences between the two sets of results. The UD CFRP 
had an ILSS decrease of 11% but this is within the experimental uncertainty, shown in 
the COV values for the data. The 0/90° GFRP witnessed a 15% increase in ILSS 
which indicates that this material was also undergoing a combination of flexure and 
interlaminar shear failures for the specimens with a width of 6.4 mm. The +/-45° 
GFRP had an ILSS increase of 30% with more evidence of interlaminar shear failure 
than that by flexure. This experimental work shows that although standards should be 
used for the testing of APC materials, the variety of materials indicate that 
adjustments may be required in order to obtain the necessary results. Further work 
should be undertaken on the ILSS to determine whether these results are correct. 
However, due to material availability, time limitations and the limited use of the ILSS 
for this study, further small scale testing has been omitted. Similar problems were 
encountered by Yang et al (2000) when testing the ILSS of uniaxial and biaxial GFRP 
laminates. They observed that the unstitched fabric composites did not develop shear 
cracking in the mid-plane of the specimen which was a requirement of the ASTM. 
They also noticed that extensive compressive damage was caused to the upper surface 
as well as tension damage to the lower surface. Consequently, they attempted to use 
tension testing of grooved specimens (as stated in Yang et al.). However, problems 
encountered with this test include the precision of the cut of the groove and stress 
concentrations around the groove; both factors affect the reliability of the ILSS 
results. Similarly, research by Cui et al (1992) investigated the ILSS of UD 
glass/epoxy composite materials utilising both 3-point and 4-point bending
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techniques. They also identified that 3-point bending produced compressive damage 
under the load roller before interlaminar shear failure developed. However, using the 
4-point bending technique eliminated this damage. Consequently, the ILSS increased 
by 6 .8 % when using the 4-point bending method instead of the 3-point bending 
technique as stated in CRAG and ASTM.
3.2.5 Creep testing
A creep test program has been undertaken on all three material types in order to 
achieve an understanding of their long-term properties. The procedure for this test was 
not carried out in accordance with any standard; however, the equipment and 
methodology had been successful used by Howard and HoUaway (1987), Lee (1997) 
and Canning (2001). The specimens were manufactured as per the longitudinal tensile 
tests (described in section 3.2.1 -  Figure 3.2) in accordance to ASTM standards. This 
procedure has been undertaken by various researchers (Al-Haik et al, 2001, Zhang 
and Xiang, 1992). It is generally acknowledged that carbon fibres do not creep, 
however, the matrix material is certainly susceptible to long term loading (Kazanci et 
al, 2001, Raghavan et al, 1997). The influence of sustained loads was therefore 
particularly relevant to the +/-45° GFRP and was expected to creep (Zhang and Xiang, 
1992). Consequently, the majority of the specimens tested were the matrix dominated 
+/-45° GFRP; altogether a total of 2 No. UD CFRP, 3 No. 0/90° GFRP and 5 No. +/- 
45° GFRP specimens were tested.
The experimental set-up works on the principle of a 10:1 lever arm system whereby 
the load at the extremity of the lever will be multiplied by 10 on the test coupon. The 
set-up is shown diagrammatically in Figure 3.20. The total load applied to the 
individual coupon was 40% of their ultimate failure loads (see Table 3.0 in section 
3.2.1). This was the maximum load that could be applied to the UD CFRP due to 
equipment limitations and consequently was used for all materials. The specimens 
were gauged with 8  mm longitudinal strain gauges at midspan on either side of the 
specimen. Additionally, a number of specimens were gauged with transverse gauges, 
2 No. UD CFRP, 2 No. 0/90° GFRP and 3 No. +/-45° GFRP. This allowed the 
calculation of the change in Poisson’s ratio with time. The sustained loads were
6 6
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applied for a period of approximately 3 months (90 days for the UD CFRP and 0/90° 
GFRP, 97 days for the +/-45° GFRP) with the strain and time recorded at regular 
intervals. The intervals were particularly frequent at the beginning of the test (every 
minute for 10 minutes, every 5 minutes for 30 minutes etc.) due to the significant 
changes in strain over this period. The strain and the time were recorded using an 
Intercole datalogger, the timing of which was controlled by a BASIC program. The 
specimens were wrapped in blanket (see Figure 3.20) to minimise the effects of 
temperature changes to the creep behaviour, although the test laboratory was 
maintained at a constant temperature of 22°C (+/-1°C) day and night.
Pivot
Applied
load
Jaws
Computer 
Program and 
DataloggerBalancing
weight
Blanket ^
surrounding
specimen Reaction Frame Not to scale
Figure 3.20: Diagrammatic representation and photograph of the creep test set-up
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Results o f Creep Testins
The results of the creep testing are presented ih Figures 3.21, 3.22 and 3.23 for the 
UD CFRP, 0/90° GFRP and +/-45° GFRP respectively. The plots all show the change 
in strain with time. Figure 3.24 shows the change in Poisson’s ratio for all three 
materials.
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Figure 3.21: Plot showing the results of creep testing for the UD CFRP
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Figure 3.22: Plot showing the results of creep testing for the 0/90° GFRP
The results of the UD CFRP testing show only small changes in the longitudinal 
strain, an 8% increase over 90 days. Similarly, the 0/90° GFRP showed a 10% 
increase in strain over 90 days. This increase was almost certainly due to the fibres in
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the woven fabric straightening out under load. No explanation can be given for the 
characteristic “waviness” of the UD CFRP curves.
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Figure 3.23: Plot showing the results of creep testing for the +/-45° GFRP
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Figure 3.24: Plot showing change in average Poisson’s Ratio with time for all 
materials tested
In contrast to the fibre dominated materials, the +/-45° GFRP experienced a 35% 
increase in strain over the test period of 97 days. This behaviour was expected, as the 
matrix material is dominant in resisting the sustained load. Figure 3.24 indicates a 
similar behaviour with the Poisson’s ratio increasing by 20% for the +/-45° GFRP, but 
remaining fairly static for the other materials. Figures 3.25, 3.26 and 3.27 shows plots
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of change in stiffness with time for the UD CFRP, 0/90° GFRP and +/-45° GFRP 
respectively. The erratic behaviour in the change in stiffness with time for the UD 
CFRP material cannot be explained. The 0/90° GFRP material showed a 10% 
reduction in stiffness, whereas the +/-45° GFRP composite showed a 29% reduction 
in stiffness, again due to the matrix being the dominant component.
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Figure 3.25: Plot showing change in stiffness with time for the UD CFRP material
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Figure 3.26: Plot showing change in stiffness with time for the 0/90° GFRP material
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Figure 3.27: Plot showing change in stiffness with time for the +/-45° GFRP material 
3.2.6 Durabihty testing
The objective of the durabihty tests was to determine the effects on the materials of 
typical environments to which they might be exposed in civil engineering 
apphcations. The following environments were considered to be of particular 
importance and were investigated further:
• Tem perature (up to 6(fC  likely to be seen on surfaces o f infrastructure in UK)
•  W ater (in the form  o f rain or spray}
•  Salt (from de-icing salts or sea spray)
•  UV radiation (on exposed outdoor surfaces)
•  Alkali (from exposure to a concrete environment)
On identifying the above environments, a testing plan was developed to determine the 
effects on the longitudinal tensile properties of the three materials. Consequently, the 
following environmental regimes have been investigated:
1. The effect of 45°C and 60°C temperatures.
2. The effect of an accelerated wet/dry cychc exposure in water on pre-stressed 
specimens at 22°C.
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3. The effect of an accelerated wet/dry cyclic exposure in a saturated salt solution on 
pre-stressed specimens at 22°C.
4. The effect of accelerated weathering comprising of exposure to intensive UV 
radiation equivalent to 4-5 years exposure to a UK climate.
5. The effect of submersion in a simulated concrete pore solution (pH 12.5) on pre­
stressed specimens at 22°C.
6. The effect of freshly cast concrete to one face of the specimen at 22°C.
7. The effect of freshly cast concrete to one face of the specimen at 20°C and 98% 
relative humidity.
In all cases, the tests were undertaken on longitudinal tensile coupons as described in 
section 3.2.1 of this chapter. The number of specimens exposed to each environment 
is summarised in Table 3.4, including the number of coupons whose results were 
discarded due to invalid failures outside the middle third of the coupon (in accordance 
with ASTM D3039M). The longitudinal tensile testing was undertaken after the 
various exposure periods had been completed. Each individual test program is 
described below.
ENVIRONMENTAL CONDITION
MATERIAL 60°C Water Salt UV pH 12.5 Cone
98% RH
T F T F T F T F T F T F T F T F  
UDCFRP 14 2 14 T  5 Ô 5 Ô 5 5 4 Ô 5 " Ô "
0/90 GFRP 5 0  5 0 5 0 5 0 5 0 4 0 8 0 8 0
+/-45 GFRP 10 0 10 2 5 1 5  1 5 0 4 0 0 - 0 -
Key: T = Total number of coupons tested
F = Coupons whose results were removed due to failure outside of the middle third 
Table 3.4: Showing the number of coupons used in the durability tests
Temperature Effects
The specimens at 45°C and 60°C were tested to ASTM D3039M, but to enable the 
specimens to reach and maintain their test temperature they were enclosed in an oven. 
A diagrammatic representation and a photograph of the test set-up can be seen in 
Figure 3.28. The temperature was measured using a type “T” thermocouple which 
was encapsulated into a dummy composite specimen and was positioned alongside the 
test specimen. When the correct temperature had been reached, the load was applied
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at a displacement control rate of 2mm/min whilst the temperature, the load and the 
strains were recorded continuously up to failure of the test specimen.
To Mains
RHEOSTAT
To  ^
Heaters
Thermocouple buried in 
composite material
Thermocouple attached to 
heater fin
Control Box
Display showing 
temperature of 
material
Applied 
load
Specimen
Test rig set-up
Figure 3.28: Diagrammatic representation and photograph of temperature box 
Wet/dry cycle in Water and Salt Solution
Five specimens of each material were subjected to a wet/dry cycle in water with an 
equivalent number being immersed in a saturated sodium chloride (road salt) solution 
at room temperature. Before immersion, they were loaded to 40% of their ultimate 
failure load to introduce a degree of matrix cracking into the material. Furthermore, 
the sides of the specimens were coated with a sihcone gel to prevent the solutions 
from having direct contact with the fibres at the cut section of the samples. The 
procedure for subjecting the samples to their respective solutions was to immerse 
them in the solution for five days, remove them, surface dry them and then to store 
them in an environment of 22°C and 50% relative humidity (RH) for two days. This 
cycle was repeated until a total of 2000 hours immersion was achieved (viz. 83 days 
immersion, 17 weeks total cycle). This cycle was performed to represent a more 
practical environmental situation than could be obtained under a continuous 
immersion period of 2000 hours. On completion of the exposure procedure the 
specimens were allowed to surface dry at 22°C and 50% RH for 48 hours before 
bonding the strain gauges on to them and testing them to failure.
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Accelerated Weatherins Effects
Specimens were subjected to 2000 hours exposure time on each side of the specimen 
in a QUV Weatherometer at Taylor Woodrow Construction (TWC). The 2000 hours 
accelerated exposure was equivalent to 4-5 years of natural exposure in a UK climate 
(suggested by the manufacturer of the equipment) and was achieved using ‘A’ type 
lamps and in accordance to ASTM G53 (1988). On completion of the UV exposure, 
electrical resistance strain gauges were bonded to the specimens in preparation for 
their test to failure.
Submersion in a Simulated Concrete Pore Solution
Specimens were submersed in a simulated concrete pore solution. Before immersion, 
they were loaded to 40% of their ultimate failure load to introduce a degree of matrix 
cracking into the material. Furthermore, the sides of the specimens were coated with a 
two-part 3M epoxy adhesive to prevent the solution from having direct contact with 
the fibres at the cut section of the samples. The solution consisted of 0.23 mol/L 
Potassium Hydroxide (KOH), 0.14 mol/L Sodium hydroxide (NaOH) and 0.002 
mol/L Calcium hydroxide (Ca(0H)2) in water, giving a pH of 12.5. The composition 
of the simulated concrete pore solution was used by Nguyen et al (1997) after the 
research work undertaken by Christensen et al (1992) on the composition of pore 
fluids. Christensen et al (1992) ascertained that the largest concentration of alkali ions 
was of Potassium, with only low concentrations of Calcium ions. The pH of the 
solution was approximately 12.6 after first mixing, but rapidly climbed to a peak of 
13.35 after 3 days. Thereafter, the pH began to drop during the 10-day test period, 
particularly with the addition of silica fume, to a value of 12.85. Therefore, it was 
adjudged that the long-term testing should be in a solution of pH 12.5 and not pH 13.5 
(as used by Chin et al, 1998), as the material is only exposed to this value for short 
periods of time. The specimens were immersed in the solution for 2000 hours, before 
allowing to surface dry at 22°C and 50% RH for 48 hours and bonding on of strain 
gauges.
Exposure to Freshly Cast Concrete
In order to simulate the actual conditions the APC materials would be subjected to 
when used in combination with concrete in the form of hybrid beams, additional
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coupons were fabricated and concrete cast directly against one face. This is instead of 
completely surrounding the specimens with a highly alkaline solution, as described 
previously. The experimental set-up is shown in Figure 3.29. A steel mould was 
adapted to cast the specimens. Four 0/90° GFRP coupons, which had no aluminium 
end tabs (unlike the other durabihty tests), were placed on each side of the mould; the 
specimen sides were coated with a two-part 3M epoxy adhesive to prevent the 
concrete from having direct contact with the fibres at the cut section of the samples. 
The concrete was then poured in place and allowed to cure for 24 hours before 
removing the samples from the mould. The concrete had a target design strength of 40 
N/mm^. More details of the concrete mix can been found in chapter 5. Two such 
specimens were manufactured, one remained at a temperature of 22°C and 50% RH 
for 2000 hours, the other was placed in a curing room (22°C and 98% RH) for the 
same period of time. On completion of the exposure times, the coupons were 
removed, tabbed with aluminium end tabs, strain gauged and tested to failure. 
Periodically, the surface of the concrete was tested with a 1% phenolphthalein 
indicator solution to determine whether the surface remained at a high alkalinity. The 
Phenolphthalein solution changes from a colourless solution at pH 8 to a deep red 
colour up to pH 9.8, the intensity of the colour is greater the higher the alkalinity 
(Fulton, 1986). In both cases, the solution remained a deep red colour throughout the 
test period and hence the surface remained at a pH of at least 9.8.
Steel mould used for 
fabricating concrete prisms
L
Concrete
Timber end stop
sSpecimens on 
face of the 
concrete
PLAN VIEW
Figure 3.29: Diagrammatic representation of the set-up for the APC exposure to 
freshly cast concrete
&
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The 0/90° GFRP specimens, which will be referred to as 0/90° GFRP(2) in further 
discussions, used in this test were a slight variant on the other 0/90° GFRP specimens 
due to material availabihty. The same resin system was utilised but the fabric was a 
hghter weight and hence was not directly related to other durabihty or tensile tests. 
Consequently, five additional longitudinal tensile tests at room temperature, 45°C and 
60°C were undertaken on the GFRP(2) material to determine its failure stress and 
hence allow an assessment of the environmental effects of the fi*eshly cast concrete..
Durability Testins Results
A summary of the results of the longitudinal tensile testing after environmental 
exposure are illustrated in Tables 3.5 and 3.6 which give the average ultimate failure 
stress and average longitudinal stifihess respectively. The longitudinal tensile stress 
was calculated by dividing the apphed load by the original cross-sectional area. The 
longitudinal tensile modulus was calculated by taking a secant modulus of the linear 
section of the stress strain graph (in this case at 0.5% strain). The COV values are 
given in brackets. The results, from section 3.2.1, of the longitudinal specimens at 
22°C, are also repeated for comparison.
ENVIRONMENTAL CONDITION
MATERIAL
22”C 45°C 60“C Water Salt UV Alkali Cone.
Cone,
98%
UDCFRP 809(8.8%)
803
(11.7%)
690
(12.2%)
778
(16.2%)
834
(13.8%)
942
(5.6%)
807
(12.0%) ~
0/90 GFRP 334(11.4%)
367
(8.0%)
314
(12.1%)
285
(6.3%)
357
(10.2%)
327
(14.8%)
361
(5.0%)
+/-45 GFRP 125(3.3%)
93
(8.2%)
82
(14.5%)
136
(3.3%)
142
(3.2%)
138
(2.9%)
127
(2.6%) ~
0/90 GFRP(2) 460(4.9%)
383
(4.8%)
346
(7.0%) ~ ~
490
(5.3%)
379
(6.0%)
Table 3.5: Showing the ultimate failure stress (MPa) after exposure to the various 
environments
The environmental effects can be more easily seen in Figures 3.30 and 3.31, showing 
the percentage difference between the control specimens (at 22°C) and the 
environmental specimens. Figure 3.30 clearly indicates that the temperature has the
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largest effect on the ultimate failure stress, particularly on the matrix-dominated +/- 
45° GFRP.
MATERIAL
UDCFRP 
0/90 GFRP 
+/-45 GFRP 
0/90 GFRP(2)
ENVIRONMENTAL CONDITION
22°C 45°C 60°C Water Salt UV Alkali Cone.
85.7 89.7 74.4 87.9 94.3 89.1 84.4
(4.6%) (8.6%) (12.5%) (1.3%) (0.9%) (0.8%) (5.2%)
23.7 23.7 21.5 23.9 23.0 23.0 23.2
(5.2%) (3.8%) (1.9%) (1.9%) (8.5%) (1.9%) (2.6%)
13.1 11.2 9.20 13.8 14.3 12.4 12.2
(0.9%) (5.7%) (4.3%) (3.8%) (0.6%) (3.8%) (3.3%)
N/A N/A N/A ~ ~ N/A
Cone,
98%
N/A
Table 3.6: Showing the longitudinal stiffness (GPa) at 0.5% strain after exposure to 
the various environments
20 .0%
10.0%
10.0%
-20 .0%
□  UD CFRP
□  0/90 GFRP
□  +/-45 GFRP
□  0/90 GFRP(2)
-30.0%
-40.0%
Figure 3.30: Bar chart showing the influence of the environmental conditions on the 
longitudinal failure stress of the three materials
A similar response can be found with the stiffness of the materials after exposure to 
the various environments, large decreases are found in materials at a temperature of 
60°C.
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Figure 3.31: Bar chart showing the influence of the environmental conditions on the 
longitudinal stiffiiess, at 0.5% strain, of the three materials
The stress-strain curves for the UD CFRP, 0/90° GFRP and 4-/-45° GFRP at each 
environment are plotted in Figures 3.32, 3.33 and 3.34 respectively.
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-----------22oC *  -45oC
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8000 10000
Figure 3.32: Plot of stress against strain for UD CFRP after exposure to all 
environments
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Figure 3.33: Plot of stress against strain for 0/90° GFRP after exposure to all 
environments
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Figure 3.34: Plot of stress against strain for +/-45° GFRP after exposure to all 
environments
The greatest affected stress-strain profile is clearly seen in Figure 3.34 where both the 
temperature increases, 45°C and 60°C, show a reduction in failure stress and increase 
in failure strain. The results of all the testing in section 3.2 will be discussed in section 
3.2.8.
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3.2.7 VTM/266 Material Testing
Towards the end of the current project, a superior material (VTM/266) more suited to 
the civil engineering industry was developed, this material incorporated a new 
heavyweight prepreg material. The new system allowed the utilisation of a fully UD 
CFRP composite, which incorporated T600 carbon fibres and resulted in a higher 
modulus material; the new ply thickness was 0.7 mm in comparison to 0.43 mm with 
the xLTM65u which has been used throughout the study. Additionally, a new stitched 
biaxial +/-45° GFRP was fabricated with a ply thickness of 1.65 mm compared to the 
xLTM65u material thickness of 1.08 mm. Consequently, the new materials were also 
characterised by undertaking further longitudinal tensile testing (see section 3.2.1), 9 
No. VTM/266 UD CFRP coupons and 10 No. VTM/266 +/-45° GFRP coupons were 
tested. In each case, two plies of prepreg were used to manufacture the laminate. 
Longitudinal strain gauges were attached to 5 of the specimens of each material to 
calculate the longitudinal stiffness.
Results o f  VTM/266 Material Testing
The results of this additional testing are given in Table 3.7; COV values are shown in 
brackets. Figures 3.35 and 3.36 show plots of the stress-strain curves for the UD 
CFRP and +/-45° GFRP respectively, the results of one coupon of xLTM65u for both 
UD CFRP and +/-45° GFRP at 22°C are plotted for comparison. The stress and strain 
at failure were greater for VTM/266 UD CFRP than for the xLTM65u UD CFRP. 
These increases were attributed to the difference in the CFRP prepregs. The VTM/266 
is a T600 UD material whereas the xLTM65u is a T300 90/10 woven fabric as shown 
in Figure 3.0. The failure strain for the VTM/266 UD CFRP was approximately 
15000jj,e, an increase of 50% over the xLTM65u UD CFRP. Additionally, the 
longitudinal stiffiiess of the VTM/266 UD CFRP increased by approximately 58%. 
The VTM/266 +/-45° GFRP showed a similar category of response to the xLTM65u 
+/-45° GFRP with a small decrease in failure stress and a small increase in stiffiiess. 
The reported stiffness is taken at 1.0% and 0.5% strain for the UD CFRP and +/-45° 
GFRP respectively.
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M aterial (VTM/266)
Average Long. Stress, On Average Long. Stiffness, En 
(MPa) -  (COV) (GPa) -  (COV)
UD CFRP 
+/-45° GFRP
1962 (9.1%) 
112(1.5%)
135.5 (2.4%) 
11.9 (3.0%)
Table 3.7: Showing results of longitudinal testing on VTM/266 specimens
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Figure 3.35: Plot showing stress-strain curve for VTM/266 UD CFRP
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Figure 3.36: Plot showing stress-strain curve for VTM/266 +/-45° GFRP
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3.3 Adhesive Testing
A number of tests have been undertaken on adhesively bonded joints to determine the 
shear bond strength between concrete and the APC materials (see section 2.3 of 
chapter 2). A shear puU-off test has been developed by the University of Surrey to 
determine the shear bond strength; the testing technique was successfully used by 
Quantril (1996) and Canning (2001). Four different adhesives were investigated to 
bond fresh concrete to an APC specimen; they were Sikadur 32, Sikadur 31, SikaTop 
Armatec 110 Epocem and Resicrete. Initially, only one test was undertaken for each 
type of adhesive. The adhesive which gave the best performance in terms of ease of 
application, viscosity and failure load was further examined. UD CFRP or 0/90° 
GFRP coupon specimens (dimensions 300 x 25 x 1 mm) were roughened using emery 
paper, on the surface to receive the adhesive, and then cleaned with acetone. A steel 
mould, of dimensions 100 by 100 by 580 mm, was employed to fabricate the shear 
bond specimens. The same moulds were used to fabricate the samples for exposure to 
fresh concrete (see section 3.2.6). On one of the long vertical sides of the mould, the 
composite specimen was placed at mid height and maintained in this position by 
PTFE plates placed above and below it; the plates had the same thickness as the 
specimen thus producing a flush vertical side composed of the specimen and the 
PTFE to the mould, as shown in Figure 3.37. The roughened side of the FRP 
specimen was placed with that face positioned inwards and hence in contact with the 
fresh concrete when it was poured into the mould. The adhesive was spread thinly 
with a palette knife onto the surface of the FRP coupon specimen and the concrete 
(with a target 28 day compressive strength of 40 N/mm^) was then poured into the 
mould.
With the FRP strip attached, the concrete was cured for 28 days prior to stripping the 
specimen from the mould. The composite coupon strip was cut, at mid length, though 
the thickness to the concrete material, as shown in Figure 3.38. The complete 
specimen was then placed in a Hounsfield Tensometer with the FRP samples attached 
to the test jaws and the concrete restrained, with metal blocks and a clamp (as shown 
in Figure 3.38). A load was then applied manually at a rate of 7.57 KN/min (the rate 
used by the University of Surrey technique) until failure occurred. At the time of the
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. r
specimen preparation, three cubes (dimensions lOOxlOOxlCX) mm) were also cast to 
obtain a 28 day concrete compressive strength. The results from the shear pull-off 
tests are shown in Table 3.8, standard deviations are given in brackets. After the initial 
testing it was evident that the SikaTop Armatec 110 Epochem failed to achieve any 
bond between the concrete and APC material. In addition, the viscosity of the Sikadur 
32 was such that when the adhesive was apphed to the vertical surface of the FRP 
specimen, the adhesive merely ran to the bottom of the sample, although during the 
pull test a satisfactory performance was achieved. From the results of these initial 
tests, it was decided to undertake further tests on both Sikadur 31 and Resicrete. In aU 
cases for the Sikadur 31 adhesive, the concrete spaUed without any indication of a 
shear bond cohesive failure in the adhesive or an adhesive failure along the matrix 
face, as shown in Figure 3.39. However, for the Resicrete specimens, there was 
evidence of failure at the surface of the concrete, indicating a poor shear bond 
between these two materials (viz. adhesive and concrete).
Concrete poured freshly 
into mould after application 
of adhesive on specimen v
APC
specimen
Timber block
Steel mould
PTFE mould
Figure 3.37: Diagrammatic representation of the specimen preparation for the shear 
pull-off test
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APC specimen Saw cut
Test jaw ■>— w
Adhesive bond line (less than 1 
mm thick)
CONCRETE
Test jaw
Restrained by 
steel plate
ELEVATION
€
Dimensions of 
concrete block: 
100x100x140 mm
PLAN
Figure 3.38: Diagrammatic representation of the shear pull-off test set-up
Adhesive Name Adhesive Type
Number of 
Specimens 
tested
Average
Concrete
Strength
(MPa)
Average 
Failure 
Load (kN)
Average
Adhesive
Strength
(MPa)
(COV)
Sikadur 32 (Batch 
No. 75079)
Thixotropic
Epoxy 1 29.6 5.6 3.20
SikaTop Armatec 110 
Epocem (Batch No. 
70783)
Cement modified 
epoxy resin based 1 30.2 n/a* n/a*
Sikadur 31 (Batch 
No. 81158) Epoxy 4 41.5 6.1
3.47
(5.3%)
Resicrete PU (No 
Batch No.) Polyurethane 7 44.3 2.5
1.45
(14.7%)
Note, * = APC material did not bond to the concrete after curing 
Table 3.8: Showing the results of Shear Pull-off Tests
84
Chapter 3 MATERIALS AND ADHESIVE CHARACTERISATION
fr'
Evidence of 
concrete 
remaining on 
failed half of 
specimen
Evidence of
concrete
spalling
Figure 3.39: Photograph showing a failed shear pull-off test using Sikadur 31 
adhesive
A theoretical analysis was carried out to determine the necessary bond between the 
concrete and APC material. In this investigation the dimensions of the T-beams, 
shown in chapter 5, were used and the calculations assumed that the maximum shear 
force was solely due to the force in the concrete immediately before failure. This 
shear force is calculated by using a simplified stress block as in BS 8110. The 
maximum shear force in the concrete is:
F*conc =  X“c *  dc *  be
= 2 *  ViO * 3 0 *  140 = 53.1 kN
The area over which this shear force acts is the area of the permanent shuttering (see 
chapter 5) to the load point including both sides of the concrete:
A,h = 2 * 30 * 600 = 36000
The shear stress can therefore be calculated by:
X — F cone / Agh
= 53100/36000=  1.48 MPa
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As can be seen from the results of the shear pull-off tests in Table 3.8, the Resicrete 
adhesive only achieved an average bond strength of 1.45 MPa and, consequently, was 
deemed to be inappropriate for this particular use. However, the Sikadur 31 adhesive 
not only proved to be suitable in terms of ease of apphcation, but also in terms of 
performance; the average bond strength was 3.47 MPa.
In addition to the shear bond tests undertaken at room temperature (22°C), a further 
three tests were carried out at both 45°C and 60°C. This investigated the behaviour of 
the adhesive, Sikadur 31, at elevated temperatures, which are likely to be encountered 
on the surface of structures in the UK climate. The specimens were manufactured 
using the same technique shown previously. However, before testing was undertaken, 
they were wrapped in a blanket and placed in an oven at the required operating 
temperature. The specimens remained in the oven for 24 hours to allow the heat to be 
uniformly distributed throughout the sample, as indicated by a thermocouple 
embedded in a piece of FRP material. The specimens were then removed from the 
oven and without removing the blanket were immediately tested. Three specimens 
gave average bond strengths of 3.39 MPa and 2.19 MPa at 45°C and 60°C 
respectively. From these results it can be seen that there is only a slight fall in the 
bond strength between the APC and the concrete as the temperature is raised to 45°C. 
As the temperature is raised to 60°C, there is a fall of 36% between ambient and 60°C 
temperatures. However, this value is still higher than the 1.48 MPa required for the 
hybrid beams and as such the adhesive would operate at elevated temperatures.
%
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3.4 Discussion
The ultimate longitudinal tensile strength and longitudinal stiffness were affected in 
different ways depending upon the environment to which the specimens were 
exposed. This is illustrated in the two charts, Figures 3.30 and 3.31. Interpretation of 
the results is hampered by the unpredictability of the material with large COV values 
being observed, particularly with the higher strength materials. This is evident for the 
UD CFRP, where failures at 22°C showed the maximum recorded failure stress for 
one coupon of 912 MPa whilst the minimum recorded value was 696 MPa for another 
coupon. This variability is indicative of a poor quality laminate with a proportion of 
air voids of 3%, as determined by the material manufacturer; this variability is often 
seen in the development of a new prepreg material. However, void ratio 
determinations of both types of UD CFRP showed a void ratio of less than 1%. Air 
voids are associated with the matrix component of the composite and high air voids 
win influence the flexural and compressive strengths more than the tensile strength of 
UD FRP composites. This is because of the shear stress transfer from fibre to fibre in 
a flexural situation via the matrix and will be affected by a higher void content. 
Consequently, the flexural testing of the specimens at room temperature was 
particularly important to determine whether air voids were significant by assessing the 
standard deviation of the results. The standard deviations for the flexural strength of 
the UD CFRP, 0/90° GFRP and +/-45° GFRP were 53.9, 44.9 and 19.0 respectively. 
This does not necessarily vindicate that the CFRP laminate was of an inferior quality. 
It should be noted that a large scatter of results is often evident when testing 
composite material manufactured from a prepreg under development. ACG reported a 
standard deviation of 55.2 and 1.6 for UD CFRP and +/-45° GFRP respectively 
(ACG, 2001a). The magnitude of the variability is generally not reported (Odegard 
and Kumosa, 2000). Work undertaken by Tan et al (2001) to obtain the tensile 
properties of 3D orthogonal woven E-glass/epoxy composite materials at room 
temperature reported a standard deviation of 47.37 for one material type.
As with any thermosetting resin, the longitudinal mechanical properties of the 
material are reduced as the material approaches its Glass Transition temperature (Tg). 
For the xLTM65u material used in this study, at 60°C, the longitudinal stiffness of the
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UD CFRP had reduced by 13.2%, the 0/90° GFRP by 9.3% and the +/-45° GFRP by 
30.4%. The ultimate failure stress also follows the same pattern, with a reduction for 
all the three composite materials tested. This reduction in properties is almost 
certainly due to the matrix material approaching its Tg. At a temperature of 45°C, 
there is little evidence of a reduction in the strength or the modulus of the UD CFRP 
and 0/90° GFRP. In the case of the +/-45° GFRP specimens, where the polymer 
material properties have a considerable influence on the overall composite material 
properties, there was a reduction in stiffiiess of 14.9% and a 20.8% fall in strength. 
However, it should be noted that the COV of the failure stress for the lower strength 
+/-45° GFRP was 8.2% at 45°C, compared with 11.7% for the UD CFRP at the same 
temperature. This large COV for the UD CFRP may be the result of a number of 
causes as described previously.
The exposure of the three materials to a water solution caused a slight reduction in 
failure stress for both the UD CFRP (3.8%) and the 0/90° GFRP (16.9%) but 
increased the strength of the +/-45° GFRP by 8.8%. The reductions may be due to 
water permeating along the surface of the fibres and so weakening the bond between 
the fibre and matrix, reducing the failure stress for the fibre dominated materials. The 
reason for the slight increase in strength for the +/-45° GFRP is unknown but may be 
due to experimental error. There appears to be no adverse effect on the longitudinal 
stiffiiess, with minimal increases shown for all materials. Research work by Ellyin 
and Rohrbacher (2000) on the effects of water and temperature on E-glass/epoxy 
prepregs produced similar results. They concluded that immersion in water at room 
temperature had minimal effects on the tensile properties of 0/90° and +/-45° 
laminates, indeed an increase of 11% was seen in the stiffiiess of the +/-45° GFRP 
composite. However, the effect of immersion in water at a temperature of 90°C had a 
far greater influence, with decreases of up to 50% for the failure stress of the +/-45° 
GFRP composite. Additionally, work carried out by Karbhari et al (1998) on E- 
glass/Vinylester composites, fabricated using a resin infusion process, showed similar 
results for their UD CFRP and 0/90° GFRP. They found that water exposure slightly 
reduced the longitudinal tensile properties of the material, but a combined effect of 
temperature (62°C) and water significantly reduced their values. However, water 
exposure had minimal effect on the longitudinal stiffiiess of the specimens.
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The exposure to a road salt solution appeared to have no adverse effects on either the 
ultimate failure strength or the stiffiiess. Indeed, increases of 3.1%, 4.1% and 13.6% 
in the failure stress were found for the UD CFRP, 0/90° GFRP and +/-45° GFRP 
respectively. It is possible that the reasons for this increase are due to the scatter of 
data of the variable quality of the materials. However, work by Karbhari et al (1998) 
on E-glass/Vinylester composites showed that an alkaline solution (pH 10) had 
limited effect on the tensile strength and modulus and was dependent on the 
architecture of the fabric (a biaxial fabric showed an increase in modulus and no 
change in strength, whereas a unidirectional fabric showed no change in modulus but 
a reduction in strength). They concluded that material degradation due to an alkaline 
environment depended not only on the pH but also on the salts present.
The results of the UV radiation exposure produced perhaps the most surprising 
results. On the whole, the mechanical properties remained largely unaffected, with 
only minor changes in the longitudinal modulus. However, the ultimate failure stress 
of the UD CFRP increased by 16.4% and the longitudinal stiffiiess by 4%. The COV’s 
for this data were the lowest for the UD CFRP (5.6% for the failure stress and 0.8% 
for the modulus). Again, the reasons for this increase are unclear but it is speculated 
that perhaps some form of cross-linking reaction was stimulated within the polymer 
by the UV light generating free radicals. This could have resulted in some limited post 
curing of the LTM epoxy resin. However, it is commonly thought that UV light 
cannot increase the cross-linking density of partly cured epoxies and indeed it is more 
likely to break the weakest links in the existing polymer (ACG, 2001b). After 
exposure to UV radiation, the GFRP specimens became very discoloured (from the 
original light green to a yellow in colour). The CFRP specimens showed slight 
discoloration to the matrix material, but this was difficult to clearly identify with the 
carbon fibres being black. The degree of discolouration is shown in Figure 3.40.
Canning (2001) experimentally tested five +/-45° GFRP coupons of a common 
prepreg material utilised in the aeronautical industry using the same weatherometer 
described in this study. At half the exposure time (i.e. 2000 hours on one face as 
opposed to 2000 hours on each face in this study). Canning found that no discolouring 
of the specimens took place but the ultimate failure stress decreased by 20% and the
89
Chapter 3 MATERIALS AND ADHESIVE CHARACTERISATION
longitudinal stiffness at 0.5% strain decreased by 10%; this was compared to 
specimens tested at room temperature. However, there was variabihty in the results of 
the UV exposure tests. Coupons tested with an exposure time to UV radiation on both 
sides of the specimen for 500 hours had a decrease in ultimate failure stress of only 
2.5% but a decrease in longitudinal stiffiiess (at 0.5% strain) of 12%. The same 
specimens exposed to only 250 hours of UV radiation on both sides of the coupon had 
a decrease in failure stress of 12% and a decrease in stiffiiess of 9%. This variabihty 
in the results makes it difficult to rehably determine the extent of the effects of UV 
radiation on the mechanical properties of the APC materials.
Before exposure 
After exposure
Before exposure 
After exposure
+/-45° GFRP 
specimens
UDCFRP
specimens
Figure 3.40: Photograph showing discolouration to specimens after exposure to UV 
radiation
Observation of the specimens after exposure to the simulated pore solution showed 
that a residue remained on the surface of the material which was a reaction product of 
the aluminium end tabs. The end tabs were severely corroded and, consequently, had 
to be removed prior to testing. This appeared to have no adverse effects on the 
ultimate failure strength and only minor reductions in the stiffiiess at 0.5% strain; the 
greatest reduction was a 6.9% drop in the longitudinal stiffiiess of the +/-45° GFRP.
The results of the exposure to fresh concrete at room temperature showed an increase 
in failure stress of 6.5% when compared to values at 22°C; this may have been caused 
by experimental error although the COV was only 5.25%. However, the exposure to 
fresh concrete and 98% RH showed a decrease in failure stress of 17.6% (COV was
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6.04%). This is undoubtedly due to the presence of the water which appeared to have 
the most noticeable effect on 0/90° GFRP composite materials; the original 0/90° 
GFRP material suffered a 14.7% reduction in failure stress after immersion in water. 
Consequently, there are no adverse effects on the longitudinal failure stress of 0/90° 
GFRP materials after exposure to fresh concrete alone. Additional work should be 
undertaken on UD CFRP and +/-45° GFRP composites to determine the same 
conclusions, although the evidence from the experiments of immersion in water 
suggests that these materials would also be unaffected.
The ILSS testing produced results that required further testing in order to validate the 
appropriate test method. The experimental procedure adopted by the author and other 
researchers (see section 3.2.4) was shown to be unreliable when testing of +/-45° 
GFRP laminates. Further testing must be undertaken to determine the appropriate size 
of specimen for this type of material (CRAG suggested using a specimen width of 10 
mm, whereas ASTM suggests a specimen width of 6.4 mm). The research work 
undertaken by Cui et al (1992) would suggest a 4-point short beam test would be more 
appropriate to limit the compressive damage caused by the load roller.
The adhesive testing described in section 3.3 showed that an adequate bond could be 
obtained between APC materials and fresh concrete. However, the quality of the bond 
was highly dependent on the type of adhesive used. From some simple calculations, it 
was shown that the Sikadur 31 adhesive would be suitable for the bond between the 
APC permanent shuttering and the concrete in the hybrid beams. The exposure of the 
adhesive to elevated temperatures had some adverse effect on the bond strength, but it 
was still sufficient for the hybrid beams up to temperatures of 60°C (seen as the 
maximum likely to be encountered in the UK).
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CHAPTER 4
4.0 BEAM DESIGNS AND ANALYSIS
4.1 Introduction
This section will describe the development of the small-scale beam designs were 
fabricated and tested during this study. The main advantage of forming a hybrid beam 
is the ability to use the two different materials in their most structurally efficient 
configuration, i.e. using the high compressive strength of the concrete and the high 
tensile strength of the APC materials. Furthermore, providing the beam is designed 
correctly the concrete will be, consequently, within the compression region of a beam. 
No tensile steel will be required, a material which is highly susceptible to aggressive 
environments. The review of previous work (chapter 2) highlighted a number of 
difficulties as well as design details for the hybrid beam manufacture, consequently, 
the initial design parameters were stated as:
• The location of the Neutral Axis (NA) of the beam to be below the soffit of the 
concrete;
•  An APC material with a high tensile strength to be utilised in the flange;
• To adopt a simple beam geometry and fabrication technique which could easily 
be scaled up to a full size beam at a later date;
•  The APC material should be used to provide a permanent formwork for the 
concrete.
As with a RC beam design, the flexural and shear strength and the flexural rigidity are 
important design considerations when determining the performance of the beam 
element. However, it was decided that the main criterion of the beam should be a 
comparable stiffiiess to a RC beam to obtain equivalent deflection limits. 
Consequently, the beams were designed so that the serviceability deflection limits 
would be equivalent to a RC beam, of similar geometric properties, i.e. Span/250 at
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4.2 T-beam  failure mechanisms
A number of different failure mechanisms for hybrid beams have been established; 
these include a flexural failure, a web fracture or web buckling due to shear stresses, a 
lateral torsional buckling failure or a bond failure between the APC and concrete 
materials (TriantafiUou and Meier, 1992). The lateral torsional stabihty mechanism 
was regarded as the least critical. However, from practical experience and to improve 
lateral torsional stabihty, it is recommended that a section depth to width ratio should 
not exceed 3; this was adopted in this project. The other three failure mechanisms 
(flexure, web buckling and shear bond) have all been considered in this investigation. 
Two different beam designs were proposed, one to investigate the behaviour of a 
beam when subjected to buckling loads (classified as the web buckling beam design), 
the other to investigate the shear bond between the APC and concrete materials 
(classified as the shear bond beam design). As was shown in section 3.3, the shear 
bond was not expected to fail; this was concluded after testing a number of different 
adhesives all of which showed that an adequate bond could be achieved. Thus a 
flexural failure was likely. The loading of the beams was by 4-point bending to obtain 
an area of maximum pure bending within the central portion of the beam.
,4
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serviceabihty loads (Mosley et al, 1996). This was in contrast to another researcher in 
which a comparable flexural strength was the main design criteria (Canning, 2001).
This study is a continuation of work undertaken by both TriantafiUou and Meier 
(1992) and Canning (2001) in which rectangular hybrid beams were analysed, 
fabricated and tested. However, it is common in RC construction to incorporate beams 
with slab elements, for flooring, roofs, decks etc., which in fact produce a beam with a 
“T” cross-section, the slab forming a top flange (Nilson and Winter, 1991). 
AdditionaUy, a T-beam design would provide a more comphcated geometry than a 
simple rectangular beam in which to assess the materials discussed in chapter 3. 
Hence, a T-beam cross-section was adopted in preference to a simple rectangular 
design.
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4.3 T-Beam development
Two of the APC materials, which were characterised in chapter 3, would be utilised in 
the beam designs. Firstly, the xLTM65u +/-45° GFRP would be used in the webs of 
the beam to provide an adequate shear performance; the use of +/-45° GFRP 
composites in the webs of box sections was also used by other researchers (Suresh 
and Malhotra, 1998, Canning, 2001). Secondly, the high tensile strength and stiffiiess 
of the xLTM65u UD CFRP would be positioned in the flange of the beam. The 
thickness of the prepreg was a dependent factor to the overall thickness of the webs 
and flange. The +/-45° GFRP and UD CFRP prepreg materials had a thickness of 0.54 
and 0.43 mm respectively. An even number of layers would be required in the webs to 
ensure a balanced lay-up; an unbalanced +/-45° GFRP prepreg is susceptible to 
warping after curing and during loading. Consequently, the thickness of the two parts 
of the web was limited to 2, 4, 6 etc. layers. These layers would be extended into the 
flange and as the fibres in the CFRP composite material were predominately 
unidirectional, the flange, likewise, had a balanced lay-up. The amount of CFRP used 
would be limited to achieve the deflection restrictions stated earlier.
4.3.1 Parameter study
The variables in the beam geometry to obtain the necessary design restrictions are 
listed below. The span of the beam was limited to a maximum of 1.5 m.
(i) The depth of concrete, dc
(ii) The width of concrete, be
(iii) The thickness of the +/-45° GFRP webs, tw
(iv) The depth of the +/-45° GFRP webs, dw
(v) The thickness of the UD CFRP flange, tcgp
(vi) The width of the flange, bf
It should be noted that for ease of manufacture, the +/-45° GFRP prepreg would wrap 
from one part of the web, over the flange, into the other part of the web.
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Consequently, the thickness of the GFRP web would contribute to the overall 
thickness of the flange as well as providing some additional stiffiiess.
The T-beam section was analysed using a simplified transformed section method of 
analysis. This method allows the cross-section of a beam, composed of more t h ^  one 
material, to be transformed into an equivalent cross-section of a single material. In 
this case, the sections have been normalised with respect to the stiffiiess of the 
concrete.
4.3.1.1 Calculation o f the position o f the NA
The position of the NA was calculated using the following equation:
2 .  A,
The complete calculation is shown using equations B1 to B3 in Appendix B.
4.3.1.2 Calculation o f  the flexural rigidity o f  the section (El)
The E l of the section was calculated using the following equation:
E I = X ( E , * I i )  (4B)
A full derivation of the calculation is given in Appendix B using equations B4 to B8.
4.3.1.3 Calculation o f the maximum midspan deflection
The maximum midspan deflection comprised of two different components, the 
deflection due to bending and the deflection due to shear:
Smax “  Sbend "F Sshear ( d ' C )
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The bending deflection for 4-point loading was calculated from simple beam bending 
theory using the following equation (Gere and Timoshenko, 1990):
8bend= ^ ( 3 L ^ - 4 a ^ )  (4D)
The shear deflection is not generally considered in RC beam design as it is normally 
only a small percentage of the total deflection of the beam. However, the shear 
deflection in the current investigation was a significant component of the overall 
deflection of the beam due to the thin web plates. The shear deflection was calculated 
as follows:
Sshear —
P * a f  (4E)
The term fs is called the shape factor. The value of the shape factor, essentially a 
multiplying factor, is dependent on the geometry of the cross-section. The shape 
factor can be calculated, for any cross-sectional geometry, using:
f s = 4 j ÿ d A  (4F)
The full calculation of the shape factor is presented in equations C l to C l  in 
Appendix C and will have a different value for each of the beams considered in this 
investigation.
The maximum serviceability midspan deflection was limited to Span/250, giving a 
value of 6 mm.
4.3.1.4 Calculation o f  the strain in the concrete and flange
The strain in the top surface of the concrete, Ec, and in the bottom fibre of the flange, 
£f, could be estimated linearly by using the following equations:
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_  (M*y)
_  (M *(d-ÿ))
 Ü
(4G)
(4H)
4.3.1.5 Calculation o f the flexural strength
The calculation of the flexural strength was dependent on the failure mode, ihe two 
possible failure modes in this investigation were concrete crushing due to 
compression or tensile fracture of the CFRP flange. However, as the design of the 
beam was stiffness dependent, the amount of CFRP in the flange would practically 
eliminate the failure of the CFRP flange. Consequently, the flexural strength was 
calculated assuming concrete crushing. The analysis was based on a simplified stress 
block as described in BS 8110 or Eurocode 2. The assumed stress block and strain 
profile are given in Figure 4.0.
M
0.45f„
Figure 4.0: Strain profile and assumed stress block used in the flexural strength 
calculation
For ultimate load calculations equilibrium conditions are used. The compressive force 
(Fc) in the beam must equal the tensile force (Ft).
Therefore, (Fee + Fegi + Feg2> = (Ftgi + Ftg2 + Ftef)
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F e e  =  0 . 4 5 f c u  *  d c  *  b e
_ 2 * t „ * b „ * E o p R P * e „ * ( y „ - t „ )  
r^ cgl —
(dc + Yu)
(4J)
(4K)
(4L)
* T7  * cC _  ^ *-w ^GFRP *cuAgi -  “
2*(dc + y„)
(4M)
f * K   * p   * c  * _i_ f \
T7 _  "CFRP ^G FR P *^cu V'^w ^  *^ w /
---------------------
(4N)
Ftcf =
(4___ b   H*p  ^ 4-f 4 -d___ ^
_  "C FR P ^CFRP ^C F R P  *^cu V*^w ^ ‘'w ^  ^C FR P /
K  + y J
(40)
The only unknown in equations 4J to 4 0  was the value of yu which could be 
calculated by solving equation 4L The ultimate flexural strength was then calculated 
by taking moments about a datum, in this case the top surface of the concrete:
(4P)
4.3.1.6 Calculation o f  the shear strength
The shear strength of the section is dependent on the shear resistance of the two parts 
of the +/-45° GFRP webs and of the concrete, assuming the contribution of the UD 
CFRP is negligible. The shear strength of the concrete was calculated using a 
simplified stress block approach.
F® =  F®conc+F*web (4Q)
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This can be calculated with the following equations:
F®conc = X“c * d e* b c  (4R)
Fweb = 2* X “web*tw*d (4S)
4.3.1.7 Calculation o f web buckling capacity
The buckling of the thin GFRP webs was undertaken using the analysis provided by 
TriantafiUou and Meier (1992) utilising work undertaken by Timoshenko and Gere 
(1961). The local buckling of the webs due to shear was considered by first 
calculating the average web shear buckling stress (x“bw). The x“bw depended on a 
number of material properties of the two parts of the GFRP web (the longitudinal and 
transverse stiffness, the longitudinal and transverse Poisson’s ratio and the shear 
modulus) the properties of which were obtained by direct testing (see chapter 3) or 
fi*om the material supplier’s data sheets. AdditionaUy, the thickness and depth of the 
GFRP webs had an impact on the shear buckling load.
x“bw = for 0 > 1 (4T)
T“b»= f o r 6 < l  (4U)
t„. * d“
E *t^
where: D l = — (4V)
^ 12(1- v ^ v j
H = [(vl  * D t) +  (Vt  * D l)] + ,  (4X)
6(1-VlVt )
e=
H
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The value of K, in equations 4T and 4U, is dependent upon on 0, the value of which is 
given by Timoshenko and Gere (1961) in Table 4.0; assuming the boundary 
conditions are an infinitely long plate with clamped ends.
0 0 0 . 2 0.5 1 . 0 2 . 0 3.0 5.0 1 0 . 0 2 0 . 0 40.0
K 18.6 18.9 19.9 2 2 . 2 18.8 17.6 16.6 15.9 15.5 15.3
Table 4.0: Values of 0 against K given by Timoshenko and Gere (1961)
' f
The maximum lateral shear force at which buckling initiates is calculated by:
Vu = 2 * t w * d w * T “bw (4Y)
And consequently, the total buckling load as:
V *L
P b = ^   (4Z)
The buckling analysis described in this section only considers the web shear buckling 
of the beam. The FE analysis described in chapter 6 gives an improved web buckling 
analysis technique by obtaining the various buckling modes as well as the buckling 
values.
4.3.2 Results of the parameter study
A spreadsheet was used to input the variables described in section 4.3.1 into equations 
4A to 4Z to obtain the optimum beam configuration which satisfied the conditions 
described previously, i.e. the location of the NA below the soffit o f the concrete, the 
serviceability deflection not exceeding 6 mm and an even number of +/-45° GFRP 
prepreg plies in the webs. Examples of the results are given in Figures 4.1 and 4.2. 
Figure 4.1 shows the change in the position of the NA with a varying thickness of 
GFRP web and CFRP flange. Figure 4.2 shows the change in NA with a variation in 
the width of concrete and differing GFRP web thickness.
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Figure 4.1: Plot showing the change in position of NA with varying web and flange 
thicknesses
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Figure 4.2: Plot showing the change in position of NA with varying web thickness 
and width of concrete
The results of the parametric study produced a section with the location of the NA at 
approximately 40 mm from the top surface of the concrete. Ideally, the NA should 
have been positioned at the base of the soffit to avoid compressive strains in the webs; 
this was not possible due to the stiffness requirements stated previously. Additionally, 
8 plies of UD CFRP and 4 pHes of +/-45° GFRP were chosen for the flange and web 
respectively to adhere to the deflection limits. However, it was decided to limit the
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amount of +/-45° GFRP in the web buckling beam design to facilitate the buckling of 
the webs; this was confirmed with the buckling analysis described in section 4.3.1.7. 
Consequently, only 2 plies of +/-45° GFRP prepreg were used in the web buckling 
beam design (2 phes being the minimum for a balanced lay-up).
4.4 Web buckling beam design
The cross-sectional geometry for the web buckling beam design is shown in Figure 
4.3. A timber plate was utilised to support the wet concrete whilst curing. Some 
properties of the web buckling beam design are presented in Table 4.2.
VOID
4 mm thick 
plywood plate
2 plies of +/-45“ 
GFRP (1.08 mm)
8  plies of UD 
CFRP (3.44 mm)
All dimensions in mm 
Not to scale
Figure 4.3: Diagranunatic representation of web buckling beam design with basic 
dimensions
4.5 Shear Bond beam design
The cross-sectional geometry for the shear bond beam design is shown in Figure 4.4. 
The geometry is essentially the same as the web buckling beam design apart from the 
additional two phes of +/45° GFRP in the webs. The extra phes of GFRP were not 
continued into the permanent shuttering as the additional thickness was not required
1 0 2
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to support the concrete. The properties of the shear bond beam design are compared 
with the web buckling beam design in Table 4.1.
VOID
4 mm thick 
plywood plate
2 plies of +/-45“ 
GFRP (1.08 mm)
8  plies of UD 
CFRP (3.44 mm)
All dimensions in mm 
Not to scale
Figure 4.4: Diagrammatic representation of shear bond beam design with basic 
dimensions
OPERTY
BIJCKLING
B E » !  DESIGN
Flexural Strength (kN) 32.9
SHEAR BOND
^ R m d esig n
32.9
Flexural Rigidity (kNm ) 402 448
Shear Strength (kN) 73.7
Buckling Load (kN) 5.4
94.4
42.8
Position of NA from top 
surface of concrete (mm)
39.1
Shape Factor 3.89
41.3
2.80
Table 4.1: Showing some basic properties of the hybrid beam designs
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4.6 W eb buckling prevention measures
To prevent premature failure of the hybrid beams due to web buckling failure, the thin 
GFRP webs had to be stiffened. A number of options are available and have been 
extensively analysed by Canning et al (1999b) for a rectangular hybrid beam (see 
section 2.1.6). Canning et al utilised a foam sandwich construction to stiffen the webs. 
However, in this current study it was decided that the use of such a technique would 
not be economic when scaled up to a full size beam. Consequently, the author has 
compared three different methods of providing the necessary stifftiess for the webs 
which were considered easier to implement on a large scale beam. The three methods 
were:
•  GFRP diaphragms bonded between the two parts of the web;
•  Half-round timber stiffeners bonded on the inside face of each part of the web;
•  CFRP strips integrated into the two parts of web at the manufacturing stage.
The three stiffening techniques are discussed further in the beam manufacturing 
section in chapter 5. The spacing of the various diaphragms and stiffeners was based 
on Spanish standard EA-95 article 3.4.6 for steel sections (1972). The composite web 
was divided up into rectangles which were limited horizontally by the two flanges and 
vertically by the stiffeners; the rectangles were assumed to be simply supported on its 
four sides. The web shear buckling stress was then calculated by utilising the 
following equation:
A w  = K2 *Oe (4a)
where, K2 is a shear buckling coefficient depending on the ratio a  = c/dw 
K2 = 6.68 5/a^ for a  > 1 and K2 = 5 4- 6.68/a^ for a  < 1 
c = the distance between two stiffeners 
Oe = the Euler critical stress obtained from:
OE = %f* )*( tw/d*)
12
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Consequently, with the use of a spreadsheet, the value of ‘c ’ could be changed until a 
reasonable web shear buckling stress was obtained. The FE analysis was also used to 
confirm the theoretical calculations (see chapter 6). To study the buckling of the web 
buckling beam design, the area of buckling was limited to four particular areas (or 
buckling regions). This allowed the webs to be observed and instrumented in these 
specific areas. Consequently, a number of diaphragms/stiffeners were omitted at the 
locations shown in Figure 4.5 and Figure 5.3. The shear bond beam design contained 
a full complement of diaphragms.
Stiffeners at 75mm
spacing unless stated
Location of missing 
diaphragm/stiffener PLAN VIEW
150 150
Figure 4.5: Diagrammatic representation of the diaphragm placement for the web 
buckling beam design
4.7 Discussion
The objective of this chapter was to determine the design parameters for the hybrid 
beam and to analyse the solution for a beam section. The hybrid beam was designed 
with stiffness constraints as the limiting factor; this is regarded to be the most 
important factor in design for civil engineering. Consequently, to compare this design 
to that of a RC beam design, the limiting factor of Span/250 for the midspan 
deflection was utilised. To achieve this deflection limit, it was necessary to place a 
significant amount of UD CFRP in the flange. This led to a design which incorporated 
a large factor of safety for this material where UD CFRP had reached only 30% of its 
strain capacity at failure. However, this also meant that a brittle failure of the CFRP 
material was avoided. The design also ensured that the concrete was within the
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compressive region of the beam and, therefore, would not require any steel 
reinforcement.
Two important failure mechanisms for hybrid beams were identified as potential 
weaknesses; these were failure by buckling of the webs and a shear bond failure 
between the APC permanent shuttering and concrete. Consequently, two designs were 
conceived to investigate the relevance of these two mechanisms. The web bucking 
beam design provided webs with a thickness of 1.08 mm (this constituted 2 layers of 
+/-45° GFRP prepreg) and locations where buckling was induced. The shear bond 
beam was designed to ensure that buckling of the webs would not occur; the 
mechanism of particular interest was the bond between the APC and concrete. The 
calculations showed that an adhesive could be utilised which should prevent failure of 
the bond between the two materials and so the failure mechanism of this type of beam 
was likely to be caused by flexure.
The calculation of the shape factor was paramount to the value of the midspan 
deflection. It was quickly identified that the shear deflection was a significant factor 
to the overall deflection of the beam (up to 30% for the web buckling beam designs). 
Consequently, to accurately determine the shape factor (which was essentially a 
multiplier) was critical.
The three methods of stiffening the thin walled GFRP web were chosen for 
practicality and economic reasons, which had to be considered when the beam would 
be scaled up to a full size element. Other methods of stiffening the web are available 
but were considered to be either too expensive when scaled up or unpractical in terms 
of fabrication techniques.
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CHAPTER 5
5.0 T-BEAM FABRICATIONS AND TESTING
5.1 Introduction
The fabrication of the T-beams was undertaken using two of the prepreg materials 
characterised in chapter 3 and by the vacuum bag method of manufacture. The 
vacuum bag fabrication process is a manual technique utilising, in this case, a male 
mould to form the shape of the beam. A vacuum was used to consolidate the 
individual prepreg plies onto the mould and to remove the air voids. Other techniques 
to manufacture the T-beams could include (i) hand lay-up, (ii) pultrusion and (iii) 
resin injection. These methods are explained in various literatures including HoUaway 
(1993) and hence will not be discussed here. However, the use of low temperature 
curing prepreg materials and the vacuum bag technique of fabrication were deemed to 
be particularly relevant to this project; the geometry of the T-beam was relatively 
complex, and as such, other methods were regarded as being too expensive, too time 
consuming or simply inappropriate to manufacture a full size beam. This chapter 
discusses the manufacturing technique utilised for the fabrication of the beams and a 
time analysis to determine the most appropriate method of stiffening the beam in 
terms of performance and labour times. Additionally, the testing regimes (both static 
and long term) of the T-beams are discussed with the associated failure mechanisms 
identified.
5.2 T-Beam Fabrication
A total of 15 individual T-beams have been manufactured and tested during this 
study. The two main beam types, discussed in chapter 4, were the Web buckling T- 
Beam (classified as B-type) and the Shear Bond T-Beam (classified as S-type). Other
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configurations based on these two designs have been fabricated and tested and will be 
discussed below. The different types of beams are summarised in Table 5.0.
1) T-type beams: the same design as the B-type beam but with timber stiffeners 
replacing theGFRP diaphragms.
2) C-type beams: the same design as the S-type beam but with CFRP stiffeners 
replacing the GFRP diaphragms.
3) E-type beams: the same design as the S-type beam but with the concrete 
encapsulated with GFRP and timber stiffeners replacing the GFRP diaphragms.
4) EV-type beams: the same design as the E-type beam but utilising VTM/266 
material instead of xLTM65u.
5) LTC-type beams: the same design as the S-type beam but subjected to sustained 
loads over a period in excess of 1 year.
6) LTF-type beam: the same design as the S-type beam but subjected to 10 million 
fatigue cycles.
The method of manufacture for the beams was the same, being the vacuum bag 
methodology. The fabrication for each beam type is discussed in the next section.
5.2.1 Fabrication of B-type T-beams
Medium Density Fibreboard (MDF) was utilised to fabricate the mould as this 
material was readily available, simple to use, and sufficiently robust to manufacture 
15 beams. Figure 5.0 shows the overall dimensions of the mould and configuration of 
the section. AU comers had a radius of 5mm, not right angles as shown in the figure. 
The layers of MDF were adhesively bonded together to achieve the required 
dimensions; an epoxy adhesive was used as the bonding agent. The MDF mould was 
made up by bonding pairs of pUes. After each pair was bonded, adding to the mould 
profile, the mould was vacuum bagged and placed under a vacuum of 1 atmosphere 
for 12 hours to ensure complete adhesion of the ply to the rest of the mould. A self- 
adhesive PTFE sheet was used to cover the MDF tool to ease demoulding after the 
APC had cured.
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Beam
Type
Beam
Identification
Layers of 
GFRP in 
webs
Stiffening
method
i Beam test
2  8  day 
’ concrete 
compressive
strength (MPa)
B-type
B1
2
Static 39.8
B2 GFRP buckling 42.9
S-type
S3
4
diaphragms
Static
36.1
S4 38.3
T-type
T5
2 Timber stiffeners
Static 37.9
T6 buckling ; 35.9
C-type
C7
CFRP strips
31.7
C8
4
I 31.9
E-type
E9
Static
35.3
ElO
Timber stiffeners
37.7
EV-type
E V ll
2 *
37.8
EV12 35.8
LTC-type
LTC13
GFRP Creep
41.3
LTC14 4
diaphragms
40.9
LTF-type LTF15 Fatigue 39.3
Note: * 2 layers of VTM/266 was equivalent to 4 layers of xLTM65U 
Table 5.0: Summarising the T-beams tested in the study
One layer of +/- 45° GFRP xLTM65U prepreg (cut to the correct dimensions) was 
laid onto the mould. This was then rolled flat with a hand roller before placing a layer 
of solid halar over the prepreg, which in turn was covered in breather blanket. The 
whole system was then debulked by placing it inside a polythene bag, sealing it and 
evacuating the air using a vacuum pump to a vacuum of 1 atmosphere. The debulking 
procedure is shown diagrammatically in Figure 5.1. The pump was switched off after 
5 minutes and the mould removed fi*om the bag.
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13 layers of 
6 mm thick 
MDF
117 1750
177
All dimensions in mm
NOT TO SCALE
1 0  layers of 6 mm 
thick MDF
Figure 5.0: Diagrammatic representation of the mould used for the T-beam fabrication
After the removal of blanket and halar, eight phes of UD CFRP xLTM65U prepreg 
were then added to the top of the mould, and each layer was rolled after placement. 
The CFRP was gradually reduced in width from 82mm to 76mm to form a chamfer at 
the two longitudinal edges. The debulking process was then repeated. The last layer of 
GFRP was laid in a manner to achieve a balanced section, over the eight phes of 
CFRP and the first layer of GFRP; the whole was rolled and again placed under 
vacuum. To achieve this balanced lay-up, it was necessary to have a longitudinal lap 
at the centre of the beam due to restrictions of the material roll; the lap joint was 75 
mm (see Section 3.1, Figure 3.1, for details of cutting the +/-45° GFRP roU). The 
stages of lay-up are shown diagrammaticahy in Figure 5.2. The whole was then 
placed into an oven and cured at 65“C for 16 hours. After curing and demoulding, the 
permanent shuttering of the beam was trimmed to the required 30mm height using a 
water-cooled diamond tipped saw.
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Blanket and halar removed 
befcffe application of the 
next layers
First layer of APC material 
placed by hand and rolled into 
«  place. Removal of the 
^  protective sheets
A solid halar sheet 
is placed over the 
last layer of APC 
7 material
A breather blanket is 
placed over the 
halar sheet
Whole system placed into an 
airtight bag and a vacuum 
applied for 5 minutes ^
Figure 5.1: Diagrammatic representation of the debulking procedure
Apply 1st layer 
of+/-45GFRP 
and “debulk”
Apply 8  layers 
of UD CFRP 
and “debulk”
Apply last layer 
of+/-45 GFRP 
and “debulk”
STAGE 1 STAGE 2 STAGE 3
Figure 5.2: Diagrammatic representation of the lay-up procedure
The next stage in the process of the beam manufacture was to add the diaphragms. A 
total of 19 diaphragms were used for an individual beam. The diaphragms were 2 
phes thick and placed in position as shown in Figure 5.3. The dimensions of the 
diaphragms can be seen in Figure 5.4. A tool manufactured from MDF and covered in 
a sheet of PTFE film was made to manufacture the required diaphragms. A layer of 
+/-45° GFRP xLTM65U prepreg, cut to the required size, was laid onto the mould and 
roUed flat by hand. A second layer of the same prepreg was then laid on top, rohed 
and debulked using the same procedure as for the beam, ensuring that a balanced 
section was achieved (as described previously). The whole system was placed in an 
oven (2m x 0.5m x 0.5m) and cured at 65°C for 16 hours. The composite was cut to
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the required length to form the diaphragm using a water-cooled diamond tipped saw. 
As well as providing buckling resistance to the webs, the diaphragms were also used 
to support the plywood plate. The flanges of the diaphragms were pointed towards the 
ends of the beam from the centre. Additionally, the central diaphragm was doubled up 
with the flanges facing in opposite directions. Furthermore, the diaphragms at the 
supports were also “back to back” and additionally had an extra flange to provide 
bonding to the inside surfaces of the beam.
Stiffeners at 75mm 
spacing unless stated
Central diaphragm made from 
two individuals back-to-back
Panel 3Panel 4
Panel 2Panel 1
Flanges o 
diaphragm
PLAN VIEW
Figure 5.3: Diagrammatic representation and photograph showing the position of 
diaphragm placement for B-type beams
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78.9
113.56
Flanges of diaphragm ‘ 
with a 5mm radius not 
right angle as shown
76.74
ELEVATION
Figure 5.4: Diagrammatic representation of the individual diaphragm sizes
The diaphragms were bonded in place in the correct position along the beam with a 
3M 9323/2 two-part epoxy adhesive. The adhesive was allowed to cure overnight. A 4 
mm thick MDF plate was then cut to the required size and laid on top of the 
diaphragms. The gap between the composite and plate was filled with Sikadur 31 
adhesive; this is illustrated in Figure 5.5. After the adhesive had cured, the main 
apphcation of Sikadur 31 to form the bond between the concrete and composite was 
applied to the internal surfaces of the permanent shuttering (shown in Figure 5.5). 
This was undertaken immediately prior to pouring the concrete into the mould, thus 
allowing the Sikadur 31 and concrete to cure together. The concrete was a 40 N/mm^ 
mix as described in section 5.4. Sufficient concrete was batched to make three 100 
mm cubes in addition to the beam. Compressive concrete cube tests were undertaken 
at 28 days using a Denison Universal Testing machine in accordance with BS 1881. 
The concrete was poured in layers, vibrated and the surface was float finished. The 
beam was then allowed to air cure in the laboratory for 28 days.
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Surfaces covered with Sikadur
Gap filled 
with adhesive
Figure 5.5: Diagrammatic representation of the apphcation of Sikadur 31 prior to 
placement of the concrete
5.2.2 Fabrication of S-type T-beams
The S-type beams were manufactured using the same mould as that described in 
section 5.2.1; the fabricating procedure of the beams was initially identical to the B- 
type beams. However two additional phes of +/-45° GFRP were added to thicken the 
composite GFRP element and the two diaphragms missing from the B-type beams 
were inserted so as not to induce a buckling failure. The completed lay-up is shown in 
Figure 5.6. After the first layer of +/- 45° GFRP had been laid, a debulk procedure 
was carried out to ensure there were no air voids between the tool and the first layer of 
prepreg material. The next layer of GFRP was added, foUowed by another debulk, 
before beginning the placement of the CFRP in the flange. On completion of another 
debulk procedure, the last two layers of GFRP were apphed, before placing the whole 
system under vacuum into the oven and curing at 65°C for 16 hours. Again, to ensure 
a balanced section, the second and fourth layers of GFRP composite were lapped at 
the centre, ensuring a lap length of 75 mm.
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8  plies of UD CFRP 
(each ply is 0.43 mm) 
Note: 90% of fibres 
are in the longitudinal 
direction
+M 5“ GFRP 
(each ply is 
0.54mm) M DF
Tool
S-type beam
Figure 5.6: Diagrammatic representation of the completed lay-up of the S-type heams
The location and manufacture of the diaphragms was the same as those for the B-type 
beams, but in addition, the missing diaphragms shown in the B-type heams (see 
Figure 5.3) were included. These diaphragms, together with the extra two layers of 
GFRP applied to the web, gave a much stiffer section. The procedure for applying the 
adhesive and pouring the concrete are described in section 5.2.1.
5.2.3 Fabrication of T-type T-beams
The T-type beams were fabricated in the same manner as the B-type beams. However, 
the method of providing buckling resistance to the webs was achieved by using timber 
stiffeners instead of GFRP diaphragms. The exception being the two support 
diaphragms where the use of GFRP diaphragms was retained (see section 5.2.1). The 
timber stiffeners were manufactured from half-round (6 mm diameter) commercially 
available timber struts. The half round struts were cut to the correct length using a 
band saw. The locations for the stiffeners were the same as that used for the B-type 
beams (see Figure 5.3). Again, the stiffeners were bonded in position using the same 
two-part 3M epoxy adhesive (see Figure 5.7). The timber strut method of stiffening 
the webs was found to be more practical and less time consuming than utilising GFRP 
diaphragms.
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Figure 5.7: Photograph showing timber stiffeners bonded in place for T-type heams 
5.2,4 Fabrication of C-type T-beams
The ideology behind the carbon stiffened beams (C-type) was to manufacture the web 
buckling resistance into the beam without the need for additional fabricating 
procedures (as was the case with the GFRP diaphragms and timber struts). The 
fabrication was effectively the same as the S-type beams, i.e. utilising four layers of 
+/-45° GFRP and a full complement of stiffeners. However, after the two layers of 
+/-45° GFRP composite and eight layers of UD CFRP, 320 mm x 25 mm x 0.8 mm 
(length X width x thickness) strips of VTM/266 UD CFRP were placed at 150 mm 
centres along the length of the beam (see Figure 5.8). The spacing of the carbon fibre 
strips were increased to 150 mm distances (instead of 75 mm) after it was verified by 
an FE analysis (see Chapter 6) that sufficient buckling capacity could be obtained at 
this spacing. This reduced the required number of CFRP strips and facilitated the 
laying up of the last two phes of GFRP in the webs.
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150 mm
XLTM65U 
UDCFRP 
in flange
Strip of UD 
CFRP folded 
down side of 
web
+/-45” GFRP 
web
Figure 5.8: Diagrammatic representation of carbon stiffening C-type beams
Two further strips of VTM/266 UD CFRP were placed on top of the original strips to 
increase the thickness of CFRP to 2.4 mm; figure 5.9 shows the placement of the 
CFRP strips before the last 2 layers of GFRP are added. The amount of carbon was 
chosen to give the same flexural rigidity (El) as the timber stiffeners, assuming the 
modulus of elasticity of the timber was 10 GPa; the calculated value gave a thickness 
of 2.61 but due to the limit of the CFRP thickness, 3 strips of UD CFRP were utilised 
to give the 2.4 mm thickness.
Figure 5.9: Photograph showing placement of UD CFRP for the C-type beams
Finally, the last two layers of +/-45° GFRP were positioned before the whole was 
placed under vacuum and cured at 65°C for 16 hours. Due to the absence of internal 
diaphragms or stiffeners, the MDF plate to support the wet concrete was located using 
blue tack before bonding with Sikadur 31 adhesive. The same GFRP support 
diaphragms and concrete mix were utilised as described previously.
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5.2.5 Fabrication of E-type T-beams
The beam was manufactured in the same manner as the S-type beams (section 5.2.2) 
but with timber stiffeners instead of GFRP diaphragms similar to the T-type beams 
(section 5.2.3). After the composite part of t te  beam had been manufactured and the 
MDF timber plate had been bonded in place, a further operation was carried out to 
enclose the permanent shuttering of the beam before the placement of the concrete. 
Figure 5.10 gives details of the encapsulation procedure. The encapsulation was a 3- 
stage process in which a GFRP cap was manufactured on an additional MDF tool, 
then bonded in place, prior to a wrap which tied in the GFRP cap to the permanent 
GFRP shuttering (Figure 5.10).
Stage 1: Manufacturing and bonding in GFRP cap
>  An MDF tool was manufactured to the correct dimensions in order to 
manufacture the GFRP cap.
>  Two layers of +/-45° GFRP were layed up (ensuring a balanced section) and 
cured in the oven for 16 hours at 65°C.
>  The completed cap was bonded into the permanent shuttering (see Figure 
5.10) using Sikadur 31 adhesive and allowed to cure for 24 hours.
Stage 2: Wrapping beam with GFRP
> The gap between the outer edge of permanent shuttering and radius of the cap 
(see Figure 5.10) was filled with Sikadur 31 to avoid any sharp edges.
>  After curing for 24 hours, the edge was rubbed down to give a smooth radius 
prior to the wrapping procedure.
>  Two layers of +/-45° GFRP were wrapped over the cap and around the 
permanent shuttering (see Figure 5.10).
>  A solid halar and a breather blanket were placed over the top part of the beam 
and covered with a vacuum bag, sealing it to the webs of the beam. The whole 
beam was then placed under vacuum and cured in the oven for 16 hours at 
65°C (see Figure 5.11 for a photograph of the beam before concreting).
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Figure 5.10: Diagrammatic representation showing encapsulation of E-type beams 
Stage 3: Concreting finished beam
The beam was placed on end on a Vibroconsistometer (Vebe) vibrating table for ease 
of compaction during pouring; the concrete had a design strength of 40 N/mm^. The 
pouring of the concrete was achieved in three layers. Figure 5.12 shows the set-up for 
pouring the concrete.
Figure 5.11: Photograph showing completed encapsulated beam before pouring of the 
concrete
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Concrete poured from top
Vebe vibrating 151 
table
Figure 5.12: Photograph showing arrangement for pouring of concrete
5.2.6 Fabrication of EV-type T-beams
The EV-type beams were manufactured in the same manner as the E-type beams. 
However, VTM/266 prepreg materials were utilised instead of xLTM65U prepreg 
materials for the main beam component. Consequently, only 2 layers of +/-45° GFRP 
were required in the webs to obtain the same thickness instead of 4 used previously. 
Additionally, only 4 layers of UD CFRP were required in the flange, instead of the 8 
described in section 5.2.1. As a result, the fabrication time for these beams was 
reduced. The xLTM65U GFRP prepreg material was used for the encapsulation (see 
section 5.2.5).
5.2.7 Fabrication of LTC-type and LTF-type T-beams
Both beam types were manufactured in the same manner as the S-type beams. 
However, instead of testing in 4-point bending following 28 days curing of the 
concrete, the LTC-type beams were subjected to sustained loads and the LTF-type 
beam was subjected to cyclic loading (see section 5.5).
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5.3 Concrete mix design
The concrete mix design used throughout the T-beam manufacture had a target design 
strength of 40 N/mm^. A water/cement ratio of 0.5 was utilised to ensure that a 
workable mix was produced. The proportions of cement:sand:aggregate were 
1:2.74:1.98. A maximum aggregate size of 10 mm was utilised due to the small 
dimensions of the concrete depth (i.e. 30 mm). A standard Ordinary Portland Cement 
was used in the concrete. The total and free water content was calculated assuming 
that the absorption of the 10 mm aggregate was 3.6% and that of the sand was 1.8%. 
The aggregate and total water were batched at least 24 hours prior to the mixing and 
pouring of the concrete to ensure that the aggregate had been sufficiently wetted out. 
A vibrating table was utilised to ensure that air void were minimised as much as 
possible.
For each hybrid beam that was manufactured, sufficient concrete was batched to 
produce three 100 mm by 100 mm by 100 mm cubes. These were then tested after 28 
days in accordance with BS 1881: Part 116 (1983). The cubes were tested in a 
Denison Universal Testing machine T60C at a rate of 150 kN/min. The average 28 
day cube strength from the three cubes are reported in Table 5.0.
5.4 Static T-beam Testing
The fifteen 1.5 m span T-beams, discussed previously, were tested statically in 4-point 
bending until complete failure occurred. The 4-point testing regime was utilised in 
order to apply a “worst case scenario” and hence other methods, such as uniformly 
distributed loads, were not considered. This section describes the experimental set-up, 
beam instrumentation and individual test results of the various T-beam types. The 
LTC-type and LTF-type long term testing is discussed in section 5.5. The CD 
accompanying this thesis contains highlighted video clips of some of the experimental 
testing undertaken during this study.
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5.4.1 Static test set-up
The 4-point test set-up is shown diagrammatically in Figure 5.13. The loading points 
were positioned to give a 300 mm length of pure bending moment at the centre of the 
beam with 600 mm shear spans at each end. The beam was simply supported on steel 
bearing plates 60 mm in length by the width of the beam. Restraints were also 
positioned near the supports to prevent lateral instability. The load was applied via a 
hydraulic jack in a number of steps and was load cycled five times, each cycle 
applying a greater magnitude of load to the beam. The load was incremented in a 1 kN 
step, with strain, deflection and load recorded, up to 3 kN. At this point, load was 
released. The load cycling was repeated to 6, 9, 12 and 15 kN before loading the beam 
to failure.
P/2 P/2
600
ZST "ZS
>1
1500 All dimensions in mm
Figure 5.13: Diagrammatic representation of the 4-point loading set-up 
5.4.2 T-beam instrumentation
The beams were instrumented with electrical resistance strain gauges to detect strain 
on the two external faces of the webs, on the soffit and on the top surface of the 
concrete. In addition, the midspan deflection was determined using Linearly Variable 
Displacement Transducers (LVDT’s). The strain gauges were not located centrally 
due to the overlapping of the prepreg composite at the centre of the beam, a 
construction which required the provision of a balanced lay-up (see Figure 5.14). This 
manufacturing detail doubled the thickness of the composite at this point and hence 
the gauges were positioned to one side of this lap but stiU within the pure bending 
moment region. In addition, beam numbers B2, T5 and T6 were gauged at the position
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of the buckling regions with two strain gauges at +/-45° to the longitudinal length of 
the beam; these panels were instrumented after testing B1 showed that the point of 
buckling was ill defined. The buckling region is at the location on the web where a 
diaphragm had been omitted (see the description of B-type and T-type beams). The 
numbering of these regions can be seen in Figure 5.15; the gauges were located at the 
centre of these regions.
Centre Line
CONCRETE
Position of internal 
stiffener/diaphragm
8  mm strain 
gauge
60 mm 
strain gauge
Position of lap 
(75 mm wide)
Centre Line
Strain gauge on 
midpoint of flange
Note: Strain gauges shown on 
side of beam are repeated on 
opposite side
Figure 5.14: Diagrammatic representation of the location of strain gauges
Two different sized strain gauges were utilised on the beams, 8 mm gauges on the 
GFRP material and 60 mm on the concrete. The larger gauges were used on the 
concrete to identify the effects of the large 10 mm aggregate size.
The experimental readings were recorded using an Orion datalogger and 
Schlumberger data acquisition system. A photograph of the test set-up is illustrated in 
Figure 5.16.
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' REGION 4 REGION 3 I
REGION 2
Direction (a)
REGION 1
Direction (b)
Note: The 
buckling panel is 
defined as the 
location where 
stiffeners have 
been missed out
Figure 5.15: Diagrammatic representation of the location of the buckling regions (Bl, 
B2, T5 and T6 beams only)
Loading rig
Orion
datalogger &
Manual 
hydraulic jack
Figure 5.16: Photograph showing static experimental test set-up
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5.5 Static Beam Test Results
This section describes the short-term static testing results of the T-beams described 
previously (see Table 5.0 for beam descriptions). The results are organised in different 
sections to enable comparisons between similar beam types, for example B-type and 
T-type beams with the same GFRP web thickness are analysed in section 5.5.1. A 
summary of the general results, such as maximum midspan deflection and failure 
strain in the concrete, are given in Table 5.1. The CD accompanying this thesis 
provides video clips of some of the experimental testing work that was undertaken.
5.5.1 B-type and T-type beam test results
The difference between the B-type and T-type beam designs was the method in which 
the thin two-ply thick webs were stiffened; the B-type beams used GFRP diaphragms 
to span between the webs, whereas the T-type beams utilised half round timber 
stiffeners. For both beam types, the failure mechanism was by delamination of the 
GFRP webs at the location of the buckling panels with associated concrete failure in 
the same location (see Figures 5.17 and 5.18 as well as the accompanying CD). The 
ultimate failure load for beams B l, B2, T5 and T6 were 34.9 kN, 40.2 kN, 28.3 kN 
and 30.3 kN respectively.
<i!'v m CKi
Concrete failure in the shear span Délamination of the buckling panel
Figure 5.17: Photographs showing typical failure mechanisms of B-type beams
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Figure 5.18: Photographs showing typical failures of T-type beams 
5.5.1.1 B-type beam analysis
On completion of the manufacture of beam B l, the diaphragms were seen to have 
been inadequately bonded to the webs. This was observed with gaps evident in the 
bonding area. Consequently, a further operation was undertaken to inject a resin into 
these gaps between the diaphragms and GFRP web. This manufacturing flaw certainly 
contributed to the lower ultimate failure load and premature debonding of diaphragms 
with an audible sound at approximately 18 kN (see also accompanying CD attached to 
the back cover of this thesis).
Figure 5.19 is a plot of load against deflection, showing where the response is linear 
up to a serviceabihty load of 20 kN before becoming non-linear towards failure. 
Plotted alongside the experimental values is the theoretical curve, calculated in 
chapter 4 (page 96), using a shape factor of 3.89. This curve gives a good agreement 
with the experimental results of beam B2 up to the serviceability load (approximately 
50% of the ultimate load), before diverging as the load-deflection plot becomes non­
linear. This is due to the difference in experimental and theoretical deflections caused 
by the excessive buckling of the webs at the location of the buckling regions. 
Consequently, the theoretical results can only be compared to the experimental values 
at serviceabihty loads. A linear FE analysis of a beam with the same GFRP thickness 
as the B-type beam but with no missing diaphragms showed agreement with the 
theoretical values; this curve is also plotted in Figure 5.19. A linear FE analysis was 
undertaken in this study to give an indication of the beam behaviour before a more
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time consuming, processor intensive non-linear analysis was carried out (see chapter
6). The reason for the large discrepancies with beam B1 are attributed to the 
manufacturing flaw discussed in this section. Comparing the experimental results with 
the calculated theoretical bending deflection shows that the shear deflection 
contributes over 40% to the total deflection of the beam at serviceability, illustrated in 
Table 5.2 for beam B2. This is in contrast to a normal reinforced concrete beam in 
which the shear deflection is normally discounted because of its low percentage value 
in comparison to the total deflection of the beam (Gere and Timoshenko, 1990). As 
the shear deflection is a large contributing factor to the overall deflection of the hybrid 
T-beams, the importance of the shape factor becomes apparent.
♦—  Beam 81 
M—  Beam B2
- - O  - -Theory (fs=3.89) 
■ ■ -A - ■ Linear FE
4 6 8 10
Deflection (mm)
12 14
Figure 5.19: Plot of load against deflection for B-type beams
Load (kN)
Experimental
Deflection
(mm)
Theoretical 
Bending 
Deflection (mm)
% Contribution of 
Shear Deflection
2.051 0.531 0.316 40.5
10.052 2.572 1.549 39.8
20.17 (serv.) 5.294 3.108 41.3
Table 5.2: Showing the contribution of shear deflection to the overall deflection of 
beam B 2 up to serviceabihty
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Figures 5.20 and 5.21 are plots of the strain profile for beams B1 and B2 respectively. 
These have been obtained after each loading cycle (see section 5.4.1 for the loading 
regime). In both cases the concrete strain at failure was relatively low, 2470 |i£ and 
1947 |ie  for beams B1 and B2 respectively. This is indicative of a beam which is 
acting entirely in compression (Beeby and Narayanan, 1995) (see discussion in 
section 5.8). The maximum strain in the CFRP flange was approximately 3000 and 
was well below the failure strain of the material; the ultimate strain of the CFRP 
coupons was 10000 |ie.
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Figure 5.20: Plot of the strain profile for beam B 1
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Figure 5.21: Plot of the strain profile for beam B2
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Figures 5,20 and 5.21 also show that the position of the neutral axis (NA) becomes 
nearer the soffit of the beam as the load increases. This is more clearly illustrated in 
Figure 5.22 where the theoretical calculated value of the NA (see Chapter 4) is close 
to the experimental value at low loads but diverges as the load increases. The 
manufacturing flaw discussed at the beginning of this section, i.e. the poorly bonded 
GFRP diaphragms, was the cause of the discrepancy in the NA of beam B 1. As the 
NA became closer to the soffit of the beam, the compressive strain in the webs 
increased, although the value of this compressive strain was still less than 1000 p,e.
20
40I
i
"S
£ Beam B1 
Beam B2 
Theoretical
g- 100 o
120
140
0 10 20 30 40 50
Load (kN)
Figure 5.22: Plot showing the change in the position of the NA with load for B-type 
beams
The apparent flexural rigidity (El) of the beams has been calculated using the 
spreadsheet discussed in Chapter 4. With the known load and corresponding midspan 
deflection from experimental results, a back calculation was undertaken to obtain the 
apparent El. The results for the beams B1 and B2 are plotted in Figure 5.23. The 
apparent El remains relatively stable at serviceability loads before decreasing as the 
load reaches ultimate failure. Beams B1 and B2 decrease by 11% and 21% 
respectively from initial values. Again, the discrepancy between the two curves may 
be due to the manufacturing flaw described previously.
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Figure 5.23: Plot comparing the change in apparent El with load for beams B1 and B2
The main objective of the B-type beams was to determine the effects of the premature 
buckling of the thin walled webs. From the visual examination approach undertaken 
on beam B l, the first evidence of buckling was at an approximate load of 9 kN, far 
less than the ultimate load of 34 kN. Additionally, the first diaphragm debonded at a 
load of approximately 18 kN due to a poor manufacturing technique. The gauging of 
the buckling panels on beam B2 with strain gauges at +45° and -^5° to the 
longitudinal directions provided improved understanding of the buckling behaviour. 
The results of these gauges, at a load cycle of 0 to 15 kN, are illustrated in Figure 
5.24; the curve labelled (a) refers to the +45° and the curve labelled (b) refers to the -  
45° directions (see Figures 5.3 and 5.15 for numbering of buckling panels).
The results show that buckling first appears on panels 2 and 3 at loads of 
approximately 5 kN and 6 kN respectively. This is supported by the theoretical value 
of 5.4 kN obtained in section 4.3.1.7. The other two panels, numbers 1 and 4, show 
buckling occurring at values of 10 kN and 12 kN respectively. However, the load at 
which buckling becomes critical is greater than the loads at which buckling is first 
witnessed; the critical load (the load at which failure occurs due to excessive 
buckling) was at 40.2 kN compared with 5 to 6 kN where buckling was first evident.
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Figure 5.24: Plots showing the results of the strain gauges on the four buckling 
regions of beam B2
5.5.1.2 T-type beam analysis
Figure 5.25 is a plot of load against deflection for beams T5 and T6. The results of 
beams B l and B2 are also included for comparison purposes. The same approach to 
the theoretical deflection was utilised as for the B-type beams. Again, a shape factor 
of 3.90 gives a good approximation of the deflection at serviceability loads, although 
the timber stiffeners appear to provide a moderately stiffer section compared to the 
GFRP diaphragms. However, the ultimate failure load is compromised (see 
discussion, section 5.8).
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Figure 5.25: Plot of load against deflection for beams T5 and T6
Figures 5.26 and 5.27 are plots of the strain profiles of beams T5 and T6 respectively. 
The results show that the position of the NA remains unchanged when compared to 
the change in the position of the NA with other beam types (see Figure 5.28). 
Additionally, there is an uncharacteristic rise in the strain on the lowest strain gauge 
of the GFRP web. This rise puts the strain in the web greater than that in the flange. 
This is due to a combination of effects including the 4-/-45° GFRP wrapping into the 
CFRP in the flange and the lack of bond at the base of the timber stiflener (the timber 
was chamfered at its base to avoid the internal inbuilt radius at the comer of the 
flange). A similar effect on beam T6 occurs on the permanent shuttering, where the 
strain in the concrete is less than that in the GFRP. This is due to the permanent 
shuttering buckling as the load reaches ultimate. Analysing both sides of the beam 
shows that the strain at failure varies significantly on either side of the permanent 
shuttering (see discussion in section 5.8).
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Figure 5.27: Plot of the strain profile for beam T6
The apparent El has also been calculated in the same manner as described previously 
on page 130. The results are plotted in Figure 5.29, with the curves of beams B l and 
B2 additionally plotted for comparison purposes. The apparent E l of beams T5 and T6 
are sUghtly greater than that of beam B2, which can be attributed to the extra 
geometrical stiffness of the timber stiffeners. The difference between the B-type and 
T-type beam designs was the manner in which they were stiffened (see table 5.0). 
Beams T5 and T6 showed a 12% and 18% reduction in apparent El at failure from 
initial values.
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Figure 5.28: Plot showing the change in the position of the NA with load for T-type 
beams
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Figure 5.29: Plot comparing the change in apparent El with load for beams T5 and T6
Figure 5.30 shows the results of the strain gauges on the buckling regions on the 
webs. Beams T5 and T6 were both instrumented in the same way as beam B2. The 
results of beam T5 show that buckling first appears on panels 1 and 4 at a load of 
approximately 6 kN. The other two panels, numbers 2 and 3, show buckling occurring 
at values of 12 kN and 10 kN respectively. The results of beam T6 also show that 
buckling first appears on panels 2 and 4 at a load of approximately 6 kN. The other 
two panels, numbers 1 and 3, show buckling occurring at values of 10 kN and 12 kN
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respectively. Again, the load at which buckling becomes critical (at loads of nearly 30 
kN) is greater than the loads at which buckling is first witnessed (at only 6 kN). These 
results are consistent with the theoretical value of 5.4 kN and the results of beam B2 
(see section 5.5.1.1). However, it should be noted that not all the regions buckle at a 
load of 6 kN suggesting a variability in the material, manufacturing technique or an 
uneven loading regime.
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Figure 5.30: Plots showing the results of the strain gauges on the four buckling 
regions of beams T5 and T6
5.5,13 Comparisons between B-type and T-type beams
Comparing the two beam types with the same design (B-type and T-type), albeit with 
different methods of stiffening the webs, provide a number of observations;
(i) The ultimate failure load was reduced by 22% when using timber stiffeners 
(the diaphragms provide a connection between the two webs which is not 
present with the use of stiffeners);
136
Chapter 5 T-BEAM FABRICATIONS AND TESTING Æ .
(ii) The T-type beams provided a stiffer section due to additional geometrical 
stiffness;
(iii) The buckling performance was very similar with the same initial buckling 
loads and failure mechanism.
5.5.2 S-type and C-type beam test results
The only difference between the S-type and C-type beams was the method in which 
the four-ply thick webs were stiffened; the S-type beams used GFRP diaphragms to 
span between the webs, whereas the C-type beams CFRP strips incorporated within 
the webs. For both beam types, the failure mechanism was by a concrete compressive 
failure in the pure bending region with associated localised buckling of the permanent 
shuttering (see Figures 5.31 and 5.32 as well as the accompanying CD). The ultimate 
failure load for beams S3, S4, C l  and C8 were 44.4 kN, 42.1 kN, 42.0 kN and 44.0 
kN respectively.
The results of the S-type and C-type beams showed that adequate composite action 
between the APC permanent shuttering and the concrete could be achieved using an 
adhesive with fresh concrete. There was no evidence of any failure of the interface 
between the two materials, this confirms the results obtained by the adhesive tests (see 
section 3.3).
Compressive concrete failure (beam S3) Compressive concrete failure (beam S4)
Figure 5.31: Photograph showing typical failure mechanisms of S-type beams
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Figure 5.32: Photograph showing typical failure mechanism of C-type beams 
5.5.2.1 S-type beam analysis
Figure 5.33 is a plot of load against deflection for beams S3 and S4. As for the B-type 
beams, the theoretical curve is plotted alongside the experimental values. The 
theoretical value was calculated in chapter 4 on page 96, using a shape factor of 2.80. 
This curve gives a good agreement with the experimental results up to a load of 40 
kN, or close to failure, and vindicates the methodology used in chapter 4. The load- 
deflection curve remains linear just before the ultimate load is reached. Comparing the 
experimental results with the calculated theoretical bending deflection shows that the 
shear deflection contributes approximately 30% to the total deflection of the beam at a 
serviceability load of 20 kN, shown in Table 5.3 for beam S4, and up to 36% 
approaching the ultimate load.
Experimental Theoretical
% Contribution of
Load (kN) Deflection
(mm)
Bending 
Deflection (mm)
Shear Deflection
10.260 2.133 1.506 29.4
20.211 (serv.) 4.218 2.967 29.7
Table 5.3: Showing the contribution of shear deflection to the overall deflection of 
beam 84 up to serviceability
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Figure 5.33: Plot of load against deflection for S-type beams
Again, the results for both beam types indicate the importance of the shape factor 
when attempting to predict the deflection for these types of beams. However, the 
influence of the shear deflection is less as the thickness of the GFRP webs is 
increased. Doubling the thickness of the webs in the S-type beams decreased the shear 
deflection contribution to 30% of the total deflection, a reduction of more than 10% 
compared to the B-type beams. By doubling the thickness of the webs again to 4.32 
mm, the role of the shear deflection continues to decrease because of the reduction of 
shape factor from 2.80 to 1.82.
Figures 5.34 and 5.35 are plots of the strain profile obtained after each cycle of load 
for beams S3 and S4 respectively. Again, the concrete strain at failure was relatively 
low (approximately 2000 |ie) and is indicative of a beam which is acting entirely in 
compression (Beeby and Narayanan, 1995) (see discussion in section 5.8). However, 
the strain in the permanent shuttering was greater than that in the concrete which may 
have been a contributing factor to the overall failure of the beam; this result has been 
discussed in section 5.8). The strain in the CFRP flange (approximately 3000-4000 
|ie) was also well below the coupon failure strain of the CFRP material.
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Figure 5.34: Plot of the strain profile for beam S3
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Figure 5.35: Plot of the strain profile for beam S4
Figure 5.36 shows the variation in the NA for beams S3 and S4, including the 
theoretical calculation. Again, the distance of the NA increases from the top of the 
beam as the load increases. This may be caused by the inherent compliance of the +/- 
45° GFRP webs. The theoretical calculation compared well with the experimental 
values within the linear range (up to serviceability).
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Figure 5.36: Plot showing the change in the position of the NA with load for S-type 
beams
The apparent El has also been back calculated using the method described for the B- 
type beams. The results are plotted in Figure 5.37. Again, the apparent El remains 
essentially constant up to serviceability loads at which point the El decreases. The 
back calculated reduction in El was 8% and 17% for beams S3 and S4 respectively.
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Figure 5.37: Plot comparing the change in apparent El with load for beams S3 and S4
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5.52.2 C-type beam test results
The load against deflection plot for the C-type beams is shown in Figure 5.38. Again, 
the theoretical value was calculated using a shape factor of 2.80 and the curves of 
beams S3 and S4 have been plotted for comparison purposes. The theoretical curve is 
in good agreement with the experimental values.
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Figure 5.38: Plot of load against deflection for beams C7 and C8
Figures 5.39 and 5.40 are plots of the strain profiles for beams C l  and C8. Similar 
results to those of the S-type beams were obtained for beam C7 with higher strains in 
the permanent shuttering than in the concrete. However, a contrast is seen for beam 
C8 where the strain in the concrete is far higher than in the permanent shuttering; this 
has been discussed in section 5.8. Again, the position of the NA from the top of the 
beam increases as the load is increased (see Figure 5.41).
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Figure 5.39: Plot of the strain profile for beam C7
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Figure 5.40: Plot of the strain profile for beam C8
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Figure 5.41: Plot showing the change in the position of the NA with load for C-type 
beams
The apparent El calculation is presented in Figure 5.42 with the curves of beams S3 
and S4 plotted for comparison purposes. The results suggest that the apparent E l of 
the C-type beams was improved. This was as a result of the extra carbon strips in the 
webs providing additional area stiffness (EA) to the section. Beams C7 and C8 
showed a 4% and 13% reduction in apparent El respectively from initial values.
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Figure 5.42: Plot comparing the change in apparent E l with load for beams C7 and C8
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5.5.2.3 Comparisons between S-type and C-type beams
/
Comparing the two beam types with the same design (S-type and C-type), albeit with 
different methods of stiffening the webs, provide a number of observations:
(i) The ultimate failure load was approximately the same despite the
two different stiffening methods utilised. The concrete cube strength 
had no affect on the overall failure of the beam (table 5.1) and was 
indicative of a beam acting entirely in compression;
(ii) The CFRP strips in the C-type beams provided a stiffer response 
when compared with the GFRP diaphragms in the S-type beams;
(iii) The failure mechanism was the same suggesting a combination of 
concrete crushing and/or permanent shuttering buckling in the area 
where the concrete crushes as being the dominant failure 
mechanism;
(iv) The Sikadur 31 adhesive was adequate in providing the necessary 
shear transfer between the concrete and GFRP composite in both 
cases. There were no signs of an adhesive bond failure between the 
two materials. Failure was in the concrete and is the limiting factor 
to shear transfer in all cases.
5.5.3 E-type and EV-type beam test results
The difference between the E-type and EV-type beams (see table 5.0) was the 
different prepregs for both glass and carbon used in their manufacture; E-type beams 
utilised xLTM65u prepreg material, requiring four plies of +/-45° GFRP prepreg and 
eight plies of UD CFRP prepreg, whereas the EV-type beams utilised VTM/266, 
requiring two plies of +/-45° GFRP prepreg and four plies of UD CFRP prepreg. 
Consequently, these two beam types are analysed together in this section.
For both beam types, the failure mechanism was by a fracture of the GFRP cap with 
associated concrete failure in the same region. Additionally, slippage of the concrete 
was observed from either end of the beam (see Figure 5.43 and enclosed CD). As the 
friction was lost between the concrete and GFRP permanent shuttering (there was no
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mechanical interlocking or adhesive bond and so the sHp between the two components 
was dependent upon the degree of friction), the concrete is effectively acting as a slab 
in bending. Consequently, the top surface is acting in compression and the bottom 
surface in tension, causing the concrete to crack in the manner shown in Figure 5.43.
GFRP cap fracture (beam E9) Concrete failure with cap removed (beam E9)
Slippage of concrete from end (beam E9)
Figure 5.43: Photographs showing typical failures of E-type and EV-type beams
The load against deflection for the encapsulated beams is plotted in Figure 5.44. The 
curves for beams S3, 84 and theoretical values (fs=2.80) are plotted for comparison.
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Figure 5.44: Plot of load against deflection for beams E9, ElO, EV l 1 and EV12
The LVDT’s were removed at a load of 42 kN for beams ElO, E V ll and E V l2 to 
avoid potential damage to them at beam failure and consequently, no measurements of 
deflection were obtained up to failure. It is likely that the curves would follow a 
similar pattern to that of beam E9 (Figure 5.44). During the testing of beam ElO an 
audible sound was heard at a load of approximately 25 kN. This is translated on the 
plot of load against deflection as a flattening of the curve; this may be due to an air 
void between the concrete section of the beam and the GFRP encapsulation. Loading 
beyond 25 kN, the stiffness was reduced but the deflection and the ultimate failure 
load were increased. Applying the tapping test along the length of the beam after 
failure located an air void between the interface of the concrete and GFRP 
encapsulation. It can be seen from the results that up to a load of approximately 30 
kN, the behaviour of the beams was similar to that of beams S3 and S4 (Figure 5.44). 
The E-type and EV-type beams behave in a far more ductile manner compared with 
the brittle failure mechanism of the S-type beams.
The strain profiles of beams E9, ElO, E V ll and EV12 are plotted in Figures 5.45, 
5.46, 5.47 and 5.48 respectively.
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Figure 5.45: Plot of the strain profile for beam E9
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Figure 5.46: Plot of the strain profile for beam ElO
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Figure 5.47: Plot of the strain profile for beam EV11
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Figure 5.48: Plot of the strain profile for beam EV 11
The results show that the initial position of the NA is approximately at the soffit of the 
concrete but at failure its position had significantly changed and was then at the 
middle of the webs of the beams (see Figure 5.49); the position of the NA increases to 
70 mm from the top of the concrete in all cases. The strains in the GFRP have 
increased to more than 6000 |Ll£ and this would indicate that the concrete is the same 
provided that no sHp had taken place.
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Beam EV11 
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Figure 5.49: Plot showing the change in the position of the NA with load for E-type 
and EV-type beams
The apparent El was also back calculated using the spreadsheet described in chapter 
4. The results are plotted in Figure 5.50 for both the E-type and EV-type beams. 
Additionally, the curves of beams S3 and 84 are plotted for comparison purposes. 
Unfortunately, due to the removal of the LVDT’s at 42 kN for beams ElO, E V ll and 
E V l2, the apparent El could not be measured up to failure. However, it is believed 
that the curve will continue to decrease in the same manner as beam E9. It should be 
noted that the beams had all been manufactured identically.
The initial apparent El of the encapsulated beams was greater than those of the S-type 
beams. However, the reductions in the apparent El as the load increases are greater 
than those witnessed in beams S3 and S4; the decreases at failure are up to 50% from 
initial values. Again, comphance in the +/-45® GFRP webs, combined with a stiffer 
top section (the GFRP encapsulation will contribute to the overall beam flexural 
rigidity), wiU reduce both the position of the NA from the top surface and the 
apparent El.
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Figure 5.50: Plot comparing the change in apparent El with load for beams E9, ElO, 
E V ll andEV12
5.5.3.1 Comparisons between E-type and EV-type with S-type beams
Comparing the encapsulated beam types with the S-type beams showed a number of 
differences in the beams’ behaviour:
(i) Encapsulating the beams improved their ultimate failure capacity but 
reduced their apparent El;
(ii) With loads above serviceability, the stiffness of the encapsulated beams 
decreased, increasing the deflections, but ensuring a more ductile 
behaviour similar to that for a conventionally RC beam;
(iii) The position of the NA, measured from the top of the beam, increased in 
the encapsulated beams causing a greater compressive strain in the webs;
(iv) The encapsulated beams performed comparably to the other beam types 
without a mechanical or adhesive bond between the concrete and GFRP 
permanent shuttering.
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5.6 Long-term  T-beam  Testing
Beams LTC13, LTC14 and LTF15 were all subjected to long-term loading to 
determine the effects of sustained and cyclic loading on the ultimate load, the strains 
and the apparent E l of the hybrid beams. The three beams were manufactured in the 
same way as the S-type beams (i.e. with 2.16 mm GFRP webs and no missing GFRP 
diaphragms). The following section describes the test set-ups and results obtained 
from the creep (sustained loading) and fatigue (cyclic loading) testing.
5.6.1 Creep test set-up
Once the concrete in the beam had cured for 28 days, two beams, LTC13 and LTC14, 
were subjected to a load of 20 kN (a serviceability load) for a period of 438 and 379 
days respectively. Due to the loading regime and as a result of creep, the load fell off 
with time. To compensate for this, the load was monitored daily and reapplied to 20 
kN if less than 1% of initial values. The loading arrangement for the beams was 4- 
point bending, and is that described in section 5.4.1, i.e. in 4-point bending. The 
utilisation of LVDT’s to measure the midspan deflection was also the same for the 
static testing. However, fewer strain gauges were used to measure the strain at 
midspan (see Figure 5.51). Measurements of midspan deflection and strain were taken 
at regular intervals of 24 hours once the initial creep had taken place. During the 
initial stages, readings were taken every 1, 5, 10, 30, 60 and 240 minutes. The test set­
up is shown in Figure 5.52.
The load was maintained using a hydraulic jack at an average value of 20.4 kN and
21.1 kN for beams LTC13 and LTC 14 respectively; the change in the load with time 
is plotted in Figure 5.53. A zero reading was taken before the load was applied. After 
the constant loading period had been completed (a time in which negligible creep was 
witnessed) the beams were then tested statically to failure.
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Figure 5.51: Diagrammatic representation of the location of strain gauges for LTC- 
type beams
Figure 5.52: Photograph showing the creep test set-up
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Figure 5.53: Plot showing the variation in load with time for beams LTC13 and 
LTC14
5.6.2 Results of creep testing
Figure 5.54 shows the change in deflection with time for both creep beams. The 
serviceability (20 kN) deflection increases from approximately 4 mm to 5 mm within 
50 days. This further increases to 6 mm within 200 days of the test. After a period of 
approximately 250 days, the changes in deflection are minimal and the rate of change 
in deflection with time tends to zero. Both beams show a similar response, although 
the deflection is greater in LTC14. The difference in the average apphed load (see 
Figure 5.53) will be a contributing factor; the load applied to LTC14 was more than 
3% greater due to human error.
Figure 5.55 shows the change in strain on the concrete and flange with time for both 
beams. The results show that the concrete continues to creep throughout the test, 
albeit more slowly towards the end of the test. The strain increases from an initial 
value of approximately 600 pe to 1500 |Lie within 200 days. After 200 days, the strain 
increases a further 300 |i£ untü the end of the test. The two figures, 5.54 and 5.55, 
show that the deflection and strain are related; the strain increases at the same rate as 
the deflection. Neville (1995) reports that concrete has continued to creep up to 30 
years after the load is initially apphed. However, the CFRP creep curve in the flange
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of the beam shows minimal changes throughout the test period and remains 
essentially unchanged. It therefore indicates that the concrete will be the main 
component of creep in the hybrid beam. Figures 5.56 and 5.57 are plots of the strain 
profile for beams LTC13 and LTC14 respectively at different time intervals. The 
results also show that the strain in the flange remains constant but the strain in the 
concrete changes rapidly after the load is first applied.
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Figure 5.54: Plot showing the change in deflection with time for LTC-type beams
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Figure 5.55: Plot showing the change in strain with time for LTC-type beams
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Figure 5.56: Plot of the strain profile for beam LTC13
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Figure 5.57: Plot of the strain profile for beam LTC14
The strain profiles also show the change in the position of the NA as the concrete 
creeps with time; this is shown in Figure 5.58. The position of the NA, from the top of 
the beam, increases from a depth of approximately 40 mm at the start of the test to 90 
mm at the end of the test period. Again, after increasing for 200 days, the position of 
the NA remains essentially unchanged.
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Figure 5.58: Plot showing change in position of NA with time for LTC-type beams
Figure 5.59 is a plot of the change in apparent El with time for both LTC-type beams. 
The results show a reduction in apparent El of 32% and 36% for beams ETC 13 and 
LTC14 respectively.
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Figure 5.59: Plot showing the change in apparent El with time for LTC-type beams
After the constant loading period had been completed, the beams were removed ft-om 
the creep rigs and tested statically in 4-point bending (see section 5.4.1). The results 
are presented in Table 5.1. Failure was in the same manner as the S-type beams, i.e.
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compressive concrete failure with buckling of the permanent shuttering, despite the 
creep loading.
The load-deflection plot for the static testing is illustrated in Figure 5.60. Again, due 
to the removal of the LVDT’s at a load of 42 kN, the curves are limited to this point. 
Plots for beams S3 and S4 are given for comparison purposes. The results of the LTC 
beams show an improved apparent stiffness response and an increased failure load.
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Beam LTC14 
Beam S3 
Beam 84
100 155
Deflection (mm)
Figure 5.60: Plot of load against deflection for beams LTC 13 and LTC 14
The strain profiles for beams LTC 13 and LTC 14 are presented in Figures 5.61 and 
5.62 respectively. The profiles show that the position of the NA fi'om the top of the 
beam does not increase as significantly as the other statically tested beams (see Figure 
5.63).
The calculation of the apparent El was undertaken in the same manner as described 
previously on page 130. The results are plotted in Figure 5.64 with a comparison of 
the S-type beams. As the LVDT’s were removed from the beam at 42 kN, no further 
values for the apparent El quantity could be calculated.
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Figure 5.61: Plot of the strain profile of beam LTC 13
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Figure 5.62: Plot of the strain profile of beam LTC 14
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Figure 5.63: Plot showing the change in the position of the NA with load for beams 
LTC13 and LTC14
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Figure 5.64: Plot comparing the change in apparent El with load for beams LTC 13 
and LTC 14
5.6.3 Fatigue test set-up
One beam, LTF15 (See Table 5.0), was tested to determine the effect of cyclic loading 
on the long-term properties of the hybrid beam. Once the concrete in the beam had 
cured for 28 days, the beam was placed in the rig shown in Figure 5.65 and subjected 
to a 20 kN fatigue load at a rate of 0.5 Hz for a total of 10 million cycles; 10 million
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cycles was chosen to represent the perceived lifetime cycling on a structure (Neville, 
1995). Again the loading arrangement was the same as described previously for the 
static testing. Deflection readings at 20 kN and zero loads were taken statically in the 
fatigue rig every 2 million cycles; LVDTs were added in to the experimental set-up 
during the static test. The LVDT’s were then removed for the continuation of the 
fatigue loading for the next 2 milhon cycles. However, strain readings were statically 
recorded at approximately every 250,000 cycles. The beam was instrumented in the 
same manner as the LTC-type beams (see Figure 5.51). The beam was tested statically 
to failure following the completion of 10 million cycles.
Figure 5.65: Photograph showing the fatigue rig set-up 
5.6.4 Results of fatigue testing
Figure 5.66 shows the change in strain on the concrete and flange against the number 
of cycles at both zero load and a 20 kN apphed load. This plot highhghts the different 
behaviour of the two materials when subjected to fatigue loading. Although the 
behaviour of the strain on the CFRP flange and concrete is variable, it is important to 
note that when the load is removed a residual strain remains m the concrete 
(approximately 50% of the total strain), on the other hand a 10% total residual strain 
remains in the CFRP; this is due to the strain in the concrete causing a permanent 
deflection as it was shown in section 3.2.5 that CFRP does not creep. The residual
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Strain of 50% of the total strain is often seen in concrete which has had a sustained 
load removed after a comparable period of time to the fatigue test (Neville, 1995). 
This suggests that the long-term behaviour of the beam when subjected to fatigue 
loading is dependent upon the change in properties of the concrete and not as a result 
of changes in the GFRP and CFRP composites.
The hypothesis that the long-term behaviour of the beam is dependent on the change 
in properties of the concrete is reinforced with Figures 5.67 and 5.68 where the strain 
profiles are plotted at a load of 20 kN and zero load respectively. The plots indicate 
that the fatigue loading is affecting the concrete properties due to the large increases 
in strain; no such mechanism is shown on the flange. However, the fatigue strain of 
concrete is generally higher than the static failure strain and a characteristic peak in 
the fatigue concrete strain is often seen prior to failure (Neville, 1995). Figure 5.68 
clearly shows the residual strain remaining in the concrete. The position of the NA 
from the top of the beam continues to increase in a comparable manner to that of the 
LTC-type beams (see Figure 5.69). This is attributed to a degradation of the concrete, 
although no cracks were visible during or after the test period.
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Figure 5.66: Plot showing the change in strain on the flange on concrete with number 
of cycles for beam LTF15
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Figure 5.67: Plot showing the strain profile of LTF15 at a load of 20 kN
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Figure 5.68: Plot showing the strain profile of LTF15 at zero load
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Figure 5.69: Plot showing the change in position of the NA for beam LTF15
Figure 5.70 indicates the change in static deflection after specific time intervals of 
cycle loading. The zero readings for the static deflections were taken at every specific 
cychc time interval, the LVDT’s were removed while the beam was under test, 
consequently, the plot gives an indication of the stifthess behaviour of the beam at 
these time intervals. The curve is inconsistent, with the deflections increasing as the 
number of fatigue cycles increases to 4 milhon cycles, before decreasing and 
eventually levelling out. However, the curve does not return to the initial deflection of 
4 mm. The temperature curve during this test is also given in Figure 5.70. However, 
the small changes in temperature are not likely cause such a difference in the 
behaviour of the beam; the temperature of the laboratory is maintained at +/-1°C 
(Figure 5.70). This behaviour needs further investigation to identify the causes of the 
variabihty, including the microcracking of concrete due to fatigue loading and the 
apparent strength of concrete increasing with extended curing time. The stiffness of 
the concrete would be expected to decrease as the number of cycles increased 
(Neville, 1995). The fatigue beam was manufactured in exactly the same way as the 
S-type beams and no signs of damage to the concrete were witnessed after the test 
period. The only outside factors which could have caused this variabihty were the 
temperature and humidity of the laboratory and the performance of the testing rig. On 
a number of occasions, the fatigue experimental rig was stopped for repairs and
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potentially could have caused the variabihty shown in Figure 5.70. The rig was 
repaired for the longest period of time at 5.1, 8.4 and 9.1 milhon cycles.
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Figure 5.70: Plot of deflection and temperature against the number of cycles for beam 
LTF15
The same phenomenon is shown in the change in apparent El with the number of 
cycles (see Figure 5.71). This was expected as the apparent El was calculated using 
the deflection obtained from the fatigue testing.
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Figure 5.71: Plot of change in apparent El with number of cycles for beam LTF15
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On completion of the fatigue cycling, the beam was removed from the fatigue rig and 
placed in the static test rig. The beam was tested statically using the same set-up 
described previously. The results are summarised in Table 5.1. The failure mechanism 
was by compressive concrete failure in the pure bending region of the beam with 
associated buckling of the permanent shuttering, in the same manner as the S type 
beams.
The load against deflection plot is illustrated in Figure 5.72; the curves for beams S3 
and 84 are also plotted for comparison purposes. The figure shows beam LTF15 
initially with a less stiff response compared to the S-type beams, before gaining a 
sHght increase in stifftiess compared with beams S3 and S4. This is attributed to the 
closing up of cracks within the concrete due to the fatigue loading, thereby 
contributing an improved stifftiess. Another research study found similar results, 
although in this case transverse cracks were witnessed on the top of the concrete after 
3.5 million cycles (Canning, 2001).
I  30 
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5 20 Beam LTF15 
Beam S3 
Beam 84
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Figure 5.72: Plot of load against deflection for beam LTF15
The strain profile for beam LTF15 is shown in Figure 5.73. The results show that the 
position of the NA, from the top of the beam, decreases with the applied load (see 
Figure 5.74). The position of the NA starts at a low position within the beam 
suggesting that the cyclic loading must have had a detrimental effect on either the 
concrete or GFRP material (the fatigue resistance of UD CFRP is superior to that of
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GFRP [Kelly, 1994]). As the fatigue resistance of concrete is known to be inadequate, 
the most probable explanation is the closing up of micro cracks within the concrete 
caused by the cychc loading. There was no evidence of any damage to the composite 
material. The results also showed that the failure strain in the concrete and the 
ultimate failure load of the beam had increased when compared to the S-type beams.
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Figure 5.73: Plot of the strain profile for beam LTF15
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Figure 5.74: Plot showing the change in position of NA with load for beam LTF15
The value of the apparent El is also lower than expected when compared with the 
other staticaUy tested T-beams. However, after serviceabihty loads are surpassed, the 
apparent El increases by 46% from initial values (see Figure 5.75) and equivalent to
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the S-type beams. Again, the closing up of cracks within the concrete, and hence 
increasing the concrete stiffiiess, is the only explanation that can be attributed to such 
an effect.
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Figure 5.75: Plot showing the change in apparent El with load for beam LTF15
5.7 Summary of Static Testing
Three different failure mechanisms have been identified from the static testing of the 
T-beams:
(i) A delamination of the GFRP webs at the location of the buckling panels 
with associated concrete failure in the same location for B-type and T-type 
beams;
(ii) A concrete compressive failure in the pure bending region with associated 
localised buckling of the permanent shuttering for S-type, C-type, LTC- 
type and LTF-type beams;
(iii) A fracture of the GFRP cap with associated concrete failure in the same 
region for E-type and EV-type beams.
The results of testing to failure of the buckling beam designs (B-type and T-type) 
were as predicted and designed with critical buckling (see section 5.5.1.1) occurring at 
the location of the missing diaphragms. However, initial buckling occurred at far
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lower loads than this critical value. In all beams tested, there was no evidence of a 
bond failure between the GFRP permanent shuttering and the concrete when utilising 
the Sikadur 31 adhesive. Consequently, the shear pull-off test, described in section 
3.3, proved a valuable test for predicting the adhesive performance and 
appropriateness when incorporated into the design procedure. It is clear that the 
necessary shear transfer between the two materials was adequate when utilising 
Sikadur 31. Encapsulating the compressive concrete improved the overall properties 
of the beam, with higher ultimate failure loads and a more ductile response when 
compared to the brittle failure nature of the initial beam configurations.
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5.8 Discussion
The manufacture of the duplex beams was undertaken successfully in all cases. This 
suggests that the method of fabrication of the low temperature cure prepreg under 
vacuum assisted cure is applicable to these types of beams. Since performing this 
fabrication method it has been shown that scaling up the manufacturing technique to a 
full-scale beam has been achieved (Netcomposites, 2002). The method of stiffening 
the thin walled webs of the small-scale beams, however, proved to be complicated. 
The first method chosen of utilising GFRP diaphragms was time consuming, though 
successful. The first beam that was manufactured (beam B l) used insufficient 
adhesive to bond the diaphragms to the webs, which is assumed to be the reason for 
the inadequate structural behaviour of the beam. Subsequent beams were fabricated 
without the above manufacturing inefficiency and consequently their structural 
performances improved. The second method of stiffening the diaphragms, the use of 
timber struts, was far less time consuming but was structurally weaker. When 
comparing the B-type and T-type beams, it was found that the ultimate failure load of 
the timber stiffened beams was reduced by approximately 22%. A contributing factor 
may have been the lack of “tying” together the two parts of the web by a physical 
component, as was the case with the GFRP diaphragms. This would have caused the 
webs to be less resistant to buckling and hence reduced the value of the overall critical 
buckling load of the beam. The lower average 28 day compressive concrete cube 
strength for the T-type beams does not appear to be a contributing factor. The strains 
in the concrete at failure are approximately 50% lower for the T-type beams compared 
to the B-type beams. This suggests that buckling of the GFRP webs was the dominant 
component for failure in the T-type beams and not the concrete failure. The third 
method of stiffening the webs, by utilising carbon strips, proved to be the least time 
consuming method of manufacture and the most effective method for buckling 
resistance. The performance of the C-type beams was comparable, if not better, than 
the S-type beams which had GFRP diaphragms; however, the C-type beams were 
slightly stiffer. The carbon fibre strip method of stiffening the webs also enabled the 
spacing of the stiffeners to be increased over the other methods, hence saving 
materials and labour time. However, the higher cost of using CFRP as a stiffening 
method would have to be investigated in a full-scale beam.
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The structural behaviour of the web buckling beam designs (B-type and T-type) 
showed that even thin walled components with diaphragms removed to induce 
buckling could achieve a satisfactory structural performance. If the first beam was 
discounted (beam B l), due to the manufacturing inefficiency described previously, 
the ultimate failure load was on average 7% less than the S-type beams which had 
double the thickness of webs and no buckling regions (the S-type beams had GFRP 
diaphragms at 75 mm centres along the length of the beam, see Table 5.0). Eventual 
collapse of the structure was by severe buckling and excessive deflections. However, 
before delamination of the webs occurred, the buckling of these components was fully 
recoverable on removal of the load. Despite the thin webs and considering that 
diaphragms were omitted (see Figure 5.3 on page 112), the serviceability deflection 
limits were comparable to a normally reinforced concrete beam; the deflection limits 
were approximately Span/250 (with a serviceability load of 20 kN), the serviceability 
limit of a RC beam is also Span/250 (Mosley et al, 1996). The amount of UD CFRP 
required in the flange to obtain this stiffness requirement increases the factor of safety 
of the CFRP; the strain in the flange (approximately 3(XK)|Lie) is far lower at the 
ultimate load of the beam than the failure strain of UD CFRP (approximately lOOOOpe 
fi*om material coupon tests). This produces a less balanced section where the 
contributing factor will always be the performance of the concrete or the GFRP webs.
The structural behaviour of the shear bond beam designs (S-type and C-type) showed 
that the use of an adhesive (Sikadur 31) with fi-esh concrete could produce an 
effective shear bond between the GFRP permanent shuttering and concrete. This 
method of achieving the necessary composite action was the most practical way when 
compared with other systems considered. In all o f the beams tested, there was no 
evidence of any failure of the adhesive bond. However, the failure strain of the 
concrete was quite low, approximately 2000 |X£ on average. It is generally considered 
that the compressive failure strain of concrete in flexure is approximately 3500 
ji£ (Beeby and Narayanan, 1995), whereas the highest failure strain in any of the non­
encapsulated beams was 2514 pe. When a section of a beam is in axial compression, 
failure will occur at the strain in which the maximum stress criteria is attained in the 
current situation; this is at a strain of 2000 |X£ (Beeby and Narayanan, 1995). As the 
concrete component of the beam is wholly in compression, this satisfies Eurocode 2
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for the failure strain being approximately 2000 |i£. Additionally, after failure of the 
beam had occurred, it was observed that there was evidence of buckling of the 
permanent shuttering surrounding the concrete. After analysing the strain profiles for 
the individual beams, there was evidence in many cases of the strain in the GFRP 
shuttering being greater than the strain in the top surface of the concrete (see Figure 
5.27 as an example). Further analysis of the beams, where the concrete had a higher 
strain than the permanent shuttering (beam C8 for example), showed that one side had 
a greater strain than the concrete but the average of the two sides was less than the 
concrete. The strain profiles were plotted taking an average strain from the strain 
gauges on either side of the beam. Figures 5.76 and 5.77 plots the strain on either side 
of the permanent shuttering and the concrete for B-type and S-type beams 
respectively. In three of the four cases, the strain in the permanent shuttering on at 
least one side (both sides for beam S4) is greater than the strain in the concrete which 
would suggest buckling in the permanent shuttering.
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Figure 5.76: Plot showing the strain on either side of the permanent shuttering and 
concrete for beams B l and B2
The buckling of the permanent shuttering suggests that the edge of the concrete is in 
fact in tension (see Figure 5.77), due to being bonded to the permanent shuttering, and 
consequently may not fail in a typical compressive failure. To reduce the tension 
effects, it is suggested that a concrete containing polypropylene fibres could be 
utilised to resist the tensile forces; this measure should improve the overall structural 
capacity of the beams. The serviceability deflection limits of the S-type beams proved
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to be in excess of the requirements of an RC beam with the limit being approximately 
Span/375. Again, the sense of a balanced section was not achieved with the large 
factor of safety for the CFRP in the flange being evident.
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Figure 5.77: Plot showing the strain on either side of the permanent shuttering and 
concrete for beams S3 and S4
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Figure 5.78: Diagrammatic representation of the failure mechanism associated with 
the shear bond design
The encapsulated beams (E-type and EV-type) showed the advantages of containing 
the concrete within the section. Despite the additional manufacturing details required 
for the fabrication of the beams, the testing showed superior structural performances. 
In all cases, the beams with confined concrete had improvements in the ultimate 
failure load. Additionally, the beams continued to deflect allowing a ductile response 
rather than a more brittle behaviour seen with the other beam types; a brittle failure 
mode is often a criticism of these types of beams. However, as the beam would be
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designed for serviceability limit state, a brittle failure is unlikely to be encountered. In 
fact, the use of timber, a well known material which fails in a brittle manner, is widely 
used in structural applications. At serviceability limits (50% of ultimate) the 
deflection was still equivalent to the S-type beams (i.e. Span/375). Indeed, the 
apparent E l of the encapsulated beams only dramatically reduces after a load of more 
than 30 kN (see Figure 5.49). However, it should be noted that a manufacturing 
inefficiency within beam ElO (whereby a void was contained between the concrete 
and GFRP shuttering) caused the structural performance to considerably reduce. As 
the cause of this inefficiency was human error, the importance of correct fabrication 
of these types of beams is clear. To avoid fabrication problems of this kind, it is 
suggested that a self compacting concrete could be used to fill the enclosed section. At 
ultimate failure, the GFRP cap fractured in compression (caused by excessive 
deflection) with associated concrete failure in the same location apparently by a 
tensile failure as the concrete protruded out of each end of the APC encapsulation. As 
there was no mechanical interlocking or adhesive bond, the shear bond between the 
concrete and GFRP permanent shuttering was dependent upon friction. Consequently, 
the concrete is effectively acting as a slab in flexure, whereby the top surface is in 
compression and the bottom surface in tension; this mechanism causes the transverse 
crack shown in Figure 5.43. The structural performance of the encapsulated beams 
could be improved by confining the ends of the concrete in addition to the top and 
sides Under load the structural behaviour of the VTM/266 material was good, 
consequently, this type of material could be used in further work to reduce both labour 
times and material costs.
The results of the long-term beam tests confirmed the ability of the APC material to 
withstand creep and fatigue loads. For the creep beams (LTC13 and LTC 14), the 
strain in the concrete continued to increase as the time increased. However, the strain 
in the CFRP flange remained relatively constant during the test period. Consequently, 
the increase in the deflection could be related to the creep of the concrete and creep in 
shear of the +/-45° GFRP material. Static failure of the beams, after the test period 
had been completed, showed a slight improvement in the failure load and stiffiiess. 
Similar findings were found with the fatigued beam (LTF15). The strain in both the 
concrete and flange was fairly erratic but with the load removed a high proportion of
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residual strain remained in the concrete section. The cyclic loading may also have 
caused hairline cracks within the concrete; this would explain the behaviour of the 
plot of load against deflection after the beam was tested statically. In general, the 
long-term properties of the hybrid beams are likely to depend on the performance of 
the concrete, rather than that of the APC material.
5.9 Time Analysis of T-beam m anufacture
An analysis was undertaken to determine the relative fabrication times for each 
configuration of T-beam. This approach was regarded as being important in terms of 
scaling up the T-beam for commercial use in the civil engineering industry. A number 
of methods of obtaining the necessary web buckling resistance are available and 
consequently the method of manufacture should be investigated together with the 
overall structural performance. The fabrication procedure was split up into nine 
different tasks as described below:
1) Cutting up of material
2) Cutting up of consumables (solid halar and breather blanket)
3) Lay-up of material for beam and debulking
4) Lay-Up of material for diaphragms and debulking
5) Trimming of beam and cutting of diaphragms/stifteners
6) Preparation of surfaces (roughen and degrease)
7) Bonding of diaphragms
8) Bonding of MDF plate and gap
9) Encapsulating and concreting
The results of the analysis are shown in Table 5.4. The values reported are of man- 
hours only and hence do not include times associated with adhesive or beam curing.
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Procedure B-type S-type T-type C-type E-type EV-type T-beam(Theo)
1 2.8 3.2 2.7 3.7 4.2 3.7 1.7
2 0.3 0.3 0.3 0.3 0.4 0.4 0.3
3 0.8 1.3 0.8 1.3 1.3 0.8 0.5
4 1.0 1.0 0.5 0.5 0.5 0.5 0.5
5 2.0 2.0 1.8 0.7 1.8 1.8 1.0
6 0.8 0.8 0.5 0.5 0.5 0.5 0.3
7 1.0 1.0 0.8 0.2 0.8 0.8 0.3
8 0.3 0.3 0.3 0.3 0.3 0.3 0.3
9 1.0 1.0 1.0 1.0 2.0 2.0 1.0
Total (hours) 9.9 10.8 8.5 8.3 11.7 10.7 5.8
Table 5.4: Showing the results of the time analysis on T-beam fabrication times
The results are additionally illustrated in the plot shown in Figure 5.79. The 
theoretical T-beam (indicated as a black dotted line in Figure 5.79) was calculated to 
assume that optimum methods of manufacture were in place, i.e. a semi-automated 
method of lay-up, efficient techniques for cutting the material etc.
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— M— B-type
— • ----- T-type
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Procedure
Figure 5.79: Plot showing the time analysis of T-beam fabrication
The table and figure indicate the differences between the various configurations. 
Clearly the procedure for encapsulating the beams is not an optimum solution and 
hence further timesavings could be envisaged if the manufacturing techniques were
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refined. The method of utilising carbon strips for web buckling prevention as part of 
the lay-up of the beam showed significant reductions in terms of time compared with 
the S-type beams. Further reductions are seen if the whole manufacturing time is 
taken into account, not just the man-hours. A number of procedures are removed 
using this technique, i.e the cutting and bonding the diaphragms/stiffeners into place, 
which take a significant proportion of the overall time. Figure 5.80 illustrates the total 
time spent manufacturing the S-type beams. As is shown, the largest proportion of 
time is spent curing the composite beam and the composite diaphragms and in 
addition bonding in of the diaphragms. Consequently, reducing the number of 
required cures and avoiding additional web stiffening procedures would reduce the 
overall fabrication times.
1% 4%
32%
59%
□  1) Cutting up material/consumables
□  2) Manufacture of composite beam 
(including curing time)
□  3) Trimming beam, cutting of 
diaphragms, preparation of surfaces
□  4) Bonding diaphragms/plates 
(including 12 hour curing of adhesive)
15) Concreting
Figure 5.80: Pie chart showing the proportion of time spent fabricating S-type beams
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CHAPTER 6
6.0 NUMERICAL T-BEAM ANALYSIS
6.1 Introduction
The numerical analysis of the T-beam designs utilised in this investigation was 
regarded as an important method of determining the behaviour of the beam before 
planning the experimental testing programme. Consequently, a finite element (FE) 
analysis was developed so that the structural performance of the hybrid beams could 
be verified before the beam was fabricated. Throughout this study, the same FE 
analysis packages have been utilised, namely ABAQUS v5.8 (1998) as the analysis 
tool and post processor and Patran 2000 (2000) as the pre-processor. The FE 
technique of analysing a structure (utilising conventional materials or composites) has 
been undertaken by many researchers and the technique itself is described in 
numerous publications (Bathe, 1982, Akin, 1994, Fagan, 1992). Consequently, 
detailed explanations of the FE theory will not be provided.
6.2 FE Analysis and Model Development
In a FE model, the first step is to discretise the geometry of the structure using an 
assembly of finite elements. Each finite element represents a discrete portion o f the 
physical structure. These elements are then joined by shared nodal points, which are 
used to create the mesh of the model. In a stress analysis of a structure, the 
displacements are a fundamental variable which are calculated at each node. From this 
information, the stress and strain at each nodal point of each element can then be 
readily calculated.
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The analysis of a model is split up into a number of stages; this is shown 
diagrammaticaUy in Figure 6.0. The use of Patran 2000 as the pre-processor was a 
useful way in which the geometry of the structure could be readily visualised and the 
Patran 2000 interface was more user friendly when compared to text editing the input 
file of ABAQUS.
Pre-processing utilising 
Patran 2000 for geometry 
and mesh generation
Change of 
material 
propres 
etc.
Input file created 
for ABAQUS
Analysis of structure 
utilising ABAQUS
Output file created 
from ABAQUS
Post processing utilising ABAQUS to 
obtain deflections, stresses and strains
Figure 6.0: Diagrammatic representation of the analysis procedure
The initial step is to generate the section geometry. In the case of the T-beams utilised 
in this study, a complete 3D model was created using solid elements for both the 
concrete and composite layers. There was an option to use shell elements for the 
composite layers, but it was decided that utilising solid elements would obtain a more 
geometrically realistic section. ABAQUS allows the sohd section to he spht up into 
different layers of composite material with varying thicknesses, material properties 
and fibre orientations. For example, the two parts of the web were created using a 
sohd element with a width of 2.16 mm. This was then spht up into four lamina of 0.54 
mm with a fibre orientation of +/-45° to create the finished laminate.
The material properties were apphed to each individual sohd; the properties were 
dependent on the analysis type (see sections 6.2.1 and 6.2.2). The 3D section was then
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meshed. The accuracy of the model simulation is dependent upon the number of 
elements within the mesh, the type of element utilised and the shape of each element. 
The displacements are only calculated at the nodes of an individual element; 
therefore, at any other point within the element, the displacements are obtained from 
interpolating from the nodes. Continuum (solid) elements are either tetrahedral, 
wedge (triangular prism) or hexahedral (brick) shapes. The uniform symmetrical 3D 
geometry used in this study was ideal for hexahedron shaped elements. The basic 
brick element contains 8 nodes (one at each comer), and it uses linear interpolation in 
each direction and hence is termed a linear or first-order element (see Figure 6.1). 
Elements with nodes at the midside, such as the 20-node brick element (see Figure 
6.1), use quadratic interpolation and are termed quadratic or second-order elements. 
The advantage of using an 8-node brick element (known as hex8 in Patran or C3D8 in 
ABAQUS) is the reduction in the analysis time. However, in this study, the more 
accurate but processor intensive 20-node brick element (known as hex20 in Patran or 
C3D20 in ABAQUS) was utilised. The differences between the two element types are 
significant and these are shown in Figure 6.2 which plots a load against deflection 
curve for a geometrically similar beam.
8-node brick 
element
20-node brick 
element
Figure 6.1: Diagrammatic representation of two different brick elements
The mesh density (or spacing of elements) was gradually increased until the results 
obtained showed no noticeable difference. The resulting mesh density was then used 
for all the beam types analysed in this study. The mathematical theory used to define 
the elements behaviour in ABAQUS is based on the Lagrangian or material 
description of behaviour: the material associated with an element remains associated
1 8 0
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throughout the analysis, and material cannot move along elements (ABAQUS, 1998). 
This is in contrast to the Eulerian or spatial description in which elements are fixed in 
space as the material flows through them (commonly used in fluid simulations). 
ABAQUS uses numerical techniques to integrate various quantities over the volume 
of each element; this is undertaken utilising Gaussian quadrature to evaluate the 
material response at each integration point in each element.
S' 20
J l 5  Hex 8
 Hex 20
O  Experimental
100 5 15
Deflection (mm)
Figure 6.2: Plot showing the differences between the element types
An example of the completed beam geometry is shown in Figure 6.3; this shows the 
model for the S-type beams but the set-up for the analysis of the B-type, S-type, T- 
type, C-type and E-type was essentially the same. A full beam was modelled to allow 
a buckling analysis to be undertaken on the same model at a later date (see page 186).
Figure 6.3: Model utilised for the FE analysis of the S-type beam
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6.2.1 Linear FE Analysis
Initially a linear FE analysis was completed on the five beam types (i.e. B-type, S- 
type, T-type, C-type and E-type -  see table 5.0). This was undertaken so that the 
behaviour of the beams up to serviceability loads could be quickly achieved before the 
experimental program commenced. The behaviour of the beam was shown to be non­
linear after the serviceability load had been exceeded, therefore a non-linear analysis 
was undertaken and this is discussed in section 6.2.2.
The load was applied as a pressure to the top surface of the beam under the same 
conditions as the experimental set-up (i.e. a 50 mm width plate to spread the load at 
each load point). The boundary conditions were simply supported such that the 
vertical and transverse directions were fixed (again to simulate the actual conditions 
of the experiment). A bearing plate was also simulated rather than using a knife-edge 
support. The FE model in all cases assumed that there was a perfect bond between the 
concrete and composite materials.
6.2.1.1 Modelling the concrete
The concrete within the T-beam section was entirely within the compressive region of 
the beam and was unreinforced. However, a number of difficulties arose when trying 
to model concrete using the FE analysis technique. These included the heterogeneous 
nature of the material and the random manner in which the aggregate was located 
within the concrete. In the linear FE analysis, the concrete was regarded as an 
isotropic material with linear stress-strain characteristics. Consequently, only the 
longitudinal stifthess (in compression) and the Poisson’s ratio were required for the 
analysis; a value of 28 kN/mm^ and 0.2 was utilised for the longitudinal stif&iess and 
Poisson’s ratio respectively. These values were taken from published data (Neville, 
1995) after small tolerances were shown to have only minor effects on the overall 
behaviour of the beams. In addition. Canning (2001) tested three concrete cylinders of 
the same mix design used in this study and these gave an average stiffness of 27.8 
kN/mm^. The timber plate in the beam was also modelled as an isotropic material with 
a longitudinal stiffiiess of 7 kN/mm^ and a Poisson’s ratio of 0.3.
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6.2.1.2 Modelling the APC materials
The method of modelling the APC materials was undertaken by splitting up a solid 
into the different lamina thickness and orientations as used within the experimental 
beams (see section 6.2). Other methods of modelling the performance of the APC 
materials is dependent upon the software package utilised; the use of shell elements 
for the thin sections is commonly used in ABAQUS (Smith et al, 1999, Canning, 
2001). As the APCs used in this investigation were orthotropic materials, it was 
important to obtain the mechanical properties in three directions, namely 
longitudinally, transversely and through the thickness. The properties of the UD 
CFRP and +/-45° GFRP composites used in the linear FE analysis are given in Table 
6.0. The mechanical properties in the longitudinal direction were obtained from 
material coupon specimens as described in Chapter 3. The properties of the materials 
in the other directions were generally obtained from the material supplier due to the 
difficulty in obtaining these values experimentally. The value of the Poisson’s ratio 
for the +/-45° GFRP was greater than 0.5. This is unusual for conventional 
engineering materials but can be seen in modem elastomeric materials. This value 
does not give a singularity in the finite element computation provided that the exact 
value of 0.5 is not used.
Mechanical Property +/-45“ GFRP UDCFRP
Longitudinal stiffness (kN/mm^) 13.14 85.73
Transverse stiffness (kN/mm^) 13.14 6*
Through-thickness stif&iess (kN/mm^) 6* 6*
Longitudinal Poisson’s ratio 0.57 0.23
Transverse Poisson’s ratio 0.3* 0.1*
Through-thickness Poisson’s ratio 0.3* 0.1*
Longitudinal shear modulus (kN/mm^) 4.61 4.24
Transverse shear modulus (kN/mm^) 6* 3*
Through-thickness shear modulus (kN/mm^) 6* 3*
* Taken from Manufacturer’s data
Table 6.0: Showing the properties used in the linear FE analysis for the two different 
composite materials
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6.2.2 Non-linear FE Analysis
As expected, the actual performance of the hybrid beams after serviceability loads 
was non-linear. Consequently, to obtain an understanding of the behaviour of the 
beams towards failure, it was necessary to develop the FE model to take into account 
the non-linearity of the beam system. There are three basic types of non-linearity 
which could be significant in the analysis of the beam, (i) geometric, (ii) boundary 
and (iii) material. For the hybrid beams used in this study, the main concern was the 
non-linearity of the materials and the geometric non-linearity of the web buckling 
beam types; fi-om the experimental coupon work in Chapter 3 it was shown that the 
UD CFRP has a linear stress-strain curve until failure but the +/-45° GFRP and 
concrete are highly non-linear.
When solving a non-linear problem utilising ABAQUS, the total load applied to the 
analysis is broken up into a number of increments. The user defines the initial 
increment size but further increments are undertaken automatically by the software. 
At the end of each increment, the structure is approximately in equilibrium. To obtain 
this equilibrium, a number of iterations are carried out at each increment until the 
solution converges. The solution at a given load increment is assumed to have 
converged when the displacement correction and force residuals are within default 
tolerances. As the stif&iess matrix of the model is calculated at each iteration in the 
non-linear analysis, the computational cost is equivalent to a complete linear analysis. 
Consequently, only 50% of the increments were written to the restart file due to 
limitations in computing space and time. Further results would have improved the 
profile o f the various load-deflection and load-strain curves.
ABAQUS allows the non-linearity of materials to be defined by the user in the form 
of solution-dependent variables, for example strain. In this study, the longitudinal 
strain was paired with different mechanical properties to give corresponding data sets. 
The different sets of data are discussed in sections 6.2.1 and 6.2.2. At each increment 
of load, the strain of the material is calculated and the stif&iess. Poisson’s ratio or 
stress is modified to the value given in the data sets. If the strain is between two
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values defined in the data sets, linear interpolation is used to calculate the 
corresponding stif&iess etc.
Geometric non-linearity was only considered for the web buckling beam designs (i.e 
B-type and T-type) after the initial analysis failed to execute. The analysis showed 
that deformations were apparent in the locations of the omitted diaphragms (see 
Figure 6.8 in section 6.3.1). To overcome this type of non-linearity, the term 
NLGEOM was utilised in the STEP command of the input code.
6.2.2.1 Modelling the non-linearity o f  concrete
The non-linearity of concrete has been extensively studied and has been reported in a 
number of publications and therefore will not be discussed here. For the purpose of 
this study, it was decided to use the material properties from Neville (1995) for the 
non-linearity of the concrete; these are presented in Table 6.1 The CONCRETE 
command within ABAQUS allows the compressive stress to be paired with the plastic 
strain. Additionally, TENSION STIFFENING and FAILURE RATIOS are defined 
for the concrete; these are explained fiilly in the ABAQUS user manuals (1998). 
Essentially, the tension stiffening command allows the user to define the strain- 
softening behaviour for cracked concrete. However, as the concrete in the hybrid 
beam was completely in compression, this term was of limited use. The failure ratios 
command allows the user to define the shape of the failure surface with the use o f four 
different variables; (i) the ratio of ultimate biaxial compressive stress to the ultimate 
uniaxial compressive stress, (ii) the absolute value of the ratio of the uniaxial tensile 
stress at failure to the ultimate uniaxial compressive stress, (iii) the ratio of the 
magnitude of a principal component of plastic strain at ultimate stress in biaxial 
compression to the plastic strain at ultimate stress in uniaxial compression and (iv) the 
ratio of the tensile principal stress at eracking, in plane stress, when the other principal 
stress is at the ultimate compressive value, to the tensile cracking stress under uniaxial 
tension.
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Compressive Stress 
(kN/mm^)
Plastic Strain
0.02 0
0.03 0.0005
0.04 0.001125
0.05 0.001875
0.06 0.0031875
0.065 0.004675
0.07 0.006125
0.075 0.008875
0.08 0.012375
0.085 0.017373
Table 6.1: Showing the non-linear stress-strain properties of the concrete 
6.2.2.2 Modelling the non-linearity o f  the +/-45° GFRP
The non-linearity of the +/-45° GFRP was established in the experimental coupon 
tests reported in chapter 3. The essential properties for this material were the strain 
levels compared to the stif&iess and the Poisson’s ratio; these are reported in Table 
6.2. The same solution-dependent methodology utilised with the concrete properties 
was undertaken with the +/-45° GFRP, i.e. the strain at a given load was calculated 
before modifying the stif&iess and Poisson’s ratio with the different value. Only the 
longitudinal properties were varied as the transverse and through thickness properties 
were not discovered experimentally.
Strain
Longitudinal Stif&iess 
(kN/mm^)
Poisson’s ratio
0 16.93 0.547
0.003 14.48 0.552
0.006 12.46 0.584
0.009 10.58 0.614
0.012 9.00 0.640
0.015 7.77 0.664
0.018 6.77 0.674
0.020 6.23 0.675
Table 6.2: Showing the non-linear properties of the +/-45° GFRP material
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6.2.3 Buckling FE Analysis
The buckling characteristics of the T-beams were important as this type of mechanism 
is a potential failure criterion for thin walled structures. Consequently, a buckling 
analysis utilising the FE technique, in the form of an eigenvalue extraction, was a 
useful tool in determining the buckling resistance of the structural element. The same 
FE models that were utilised for the linear analysis were adapted to undertake the 
buckling prediction analysis.
ABAQUS utilises the BUCKLE command to determine the parameters of the 
eigenvalue analysis. The analysis estimates the critical buckling load of stiff 
structures, which assumes that the deformation before buckling is small. Generally, a 
post buckling analysis is undertaken on structures with large deformations, but this 
was found to be unnecessary in the present study. The eigenvalue problem is 
represented by the following equation:
(Ko + ^.KA)*(Pi  = 0 (6A)
where, K® = the stiffiiess matrix.
Ad = the eigenvalues,
Ka = the initial stress and load stif&iess matrix,
<Pi=the buckling mode shapes (eigenvectors).
The analysis produces the eigenvalues and eigenvectors for each model. 
Consequently, the first eigenvalue and eigenvector corresponds to the critical buckling 
load and the shape of the buckling mode; the eigenvalue is multiplied by the applied 
load to obtain the critical buckling load. However, in some of the analyses that were 
undertaken, negative eigenvalues were obtained. In this case, the negative eigenvalue 
indicated that the structure would buckle if the load was applied in the opposite 
direction. Additionally, the eigenmode corresponding to the eigenvalue would suggest 
that the buckling was physically realistic; in all models this was not the case. 
Therefore, the models in which negative eigenvalues were calculated were ignored 
and only the first positive eigenvalue was utilised in the analysis.
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The results from this analysis are reported in section 6.4. As well as checking the 
buckling stability of the struetural element, the eigenvalue extraction buckling 
analysis technique was also utilised to determine whether the spacing between 
diaphragms or stiffeners were sufficient to resistance buckling at low loads. With this 
procedure, the increase in spacing for the C-type beams (see section 5.2.4 in chapter
5) was shown to be adequate to prevent buckling of the web at low loads.
6.2.4 Creep FE Analysis
The creep behaviour of the T-beams was modelled using a similar methodology to 
that of the non-linear analysis. This analysis was undertaken on the same model that 
was used for the S-type beams. However, time-dependent variables were utilised 
instead of solution-dependent variables. Consequently, the change in stiffiiess and 
Poisson’s ratio with time for both the concrete and +/-45° GFRP were considered; the 
experimental work showed that the UD CFRP was unlikely to contribute to the creep 
characteristics of the beam. At a given time increment, the model would modify both 
the stiffiiess and Poisson’s ratio from the user defined data sets. The experimental 
creep coupon +/-45° GFRP specimen results were used for the input data; the values 
of which are given in Table 6.3. The concrete creep data were taken from the 
literature (Neville, 1995); this is shown in Table 6.4.
Time (hours)
Longitudinal Stiffiiess 
(kN/mm^)
Poisson’s Ratio
0.0 15.01 0.51
0.5 14.23 0.51
3.8 13.73 0.52
8.7 13.54 0.53
30.1 13.09 0.54
101.4 12.45 0.56
146.6 12.20 0.56
191.5 12.05 0.56
310.6 11.73 0.57
500.6 11.39 0.58
768.7 11.06 0.58
959.9 10.87 0.58
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1368.0 10.56 0.60
1709.3 10.32 0.60
1945.2 10.20 0.60
2184.4 10.11 0.61
2328.3 10.09 0.62
•howing the creep data for the +/-45° GFRP material
Time (hours)
Longitudinal Stiffness 
(kN/mm^)
Poisson’s Ratio
0 28 0.2
672 9.35 0.2
960 8.65 0.2
1200 8.34 0.2
1440 8.12 0.2
1680 7.96 0.2
1920 7.84 0.2
2160 7.73 0.2
2400 7.65 0.2
2640 7.58 0.2
2880 7.51 0.2
3120 7.46 0.2
3360 7.41 0.2
3600 7.36 0.2
3840 7.32 0.2
4080 7.29 0.2
4320 7.25 0.2
Table 6.4: Showing the creep data for the concrete material
6.3 Linear and Non-linear FE results
The results of this section are divided up into the different types of T-beams (it is 
essential to refer to table 5.0 in Appendix E, which can be viewed by unfolding, to 
understand the implications of this section). In all cases, the FE analysis results are 
compared with the experimental results to indicate the validity of the FE model. The
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output from the FE model analysis was in the form of contour or line plots. Two 
examples of this output are given in Figure 6.4; however, the majority of the results 
are plots of load against deflection or strain taken at the centre of the section of the 
beam.
XMIN O.OOOB+00 
XMAX 1 .OOOE+00 
ÎMIH -4.3B3E+00 
YM&X O.OOOE+00
Contour plot o f deflection Line plot of deflection (normal 
to surface) along length of beam
Figure 6.4: Showing two examples of the output obtained from ABAQUS post
6.3.1 FE results of the B-type beams
The comparisons of the linear, non-linear and experimental results are plotted in 
Figures 6.5, 6.6 and 6.7; these show plots of load-deflection, load-microstrain on 
concrete and load-microstrain on flange respectively.
60
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40
 Linear FE
 Non-linear FE
*  Beam B1 
•*r - - Beam B2
20
0 5 10 15 20
Deflection (mm)
Figure 6.5: Plot of load against deflection for B-type beams
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Figure 6.6: Plot of load against microstrain on the concrete surface for B-type beams
60
50
40
1  30
-----------Linear FE
-----------Non-linear FE
*  Beam B1 
- - -ar - - Beam B2
- I  20
2000 30000 1000 4000 5000
MIcrostraIn
Figure 6.7: Plot of load against microstrain on the flange for B-type beams
As expected, the results show that the non-linear FE curves provide a more accurate 
account of the actual behaviour of these types of beam. However, the plot of load 
against deflection (see Figure 6.5) shows that both the linear and non-linear analysis 
underestimate the stifftiess of beam B2; beam B1 had a manufacturing flaw which 
was discussed in chapter 5. It can be seen that both the linear and non-linear analyses 
more closely approximates, up to 75% of ultimate loads, this less stiff beam showing 
that the simplistic way the stiffening methods were modelled underestimated the 
effect of the bonding method. The connections were modelled idealistically with
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perfect point bonding as opposed to the reality of the GFRP diaphragms which in 
practice had flanges which, when bonded to the web, increased the thickness over a 
distance of 10 mm (see page 113). This extra thickness in the GFRP web was not 
modelled. As a result of the above modelling, the buckling displacement predicted by 
the FE model associated with eigenvalue extraction (see Figure 6.8) may not have 
been representative of the experimental beams. The experimental strain in the flange, 
as seen in Figure 6.7, was virtually linear to failure and lay between the linear and 
non-linear FE analyses.
The heterogeneous nature of the compressive concrete in the beam caused the 
concrete strain to be highly non-linear. Consequently, after the serviceabüity load had 
been exceeded, the non-linear FE analysis more accurately modelled the experimental 
results.
Figure 6.8: Model plot showing the displacement along the length of the B-type 
beams
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6.3.2 FE results of the T-type beams (with timber stiffeners)
The results of the FE analysis techniques are illustrated by the plots of load against 
deflection, load against microstrain on the concrete and load against microstrain on 
the flange in Figures 6.9, 6.10 and 6.11 respectively.
40
30
25
Linear FE
Non-linear FE
- BeamTB
- BeamTB
4 60 2 8 10 12
Deflection (mm)
Figure 6.9: Plot of load against deflection for T-type beams
 Linear FE
 Non-linear FE
■er - - Beam T5 
*  Beam T6
-1400 -1200 -1000 -800 -600 -400 -200 0
Microstrain
Figure 6.10: Plot of load against microstrain on the concrete surface for T-type beams
The results of the FE analysis for the T-beams provided a similar pattern to those 
obtained for the B-type beams. Figure 6.9 shows that the FE model predicted a beam
193
Chapter 6 NUMERICAL T-BEAM ANALYSIS
stiffiiess to be less than that for the experimental beam. This was attributed to the 
inaccuracy of modelling the timber stiffeners; the FE model utilised rectangular cross- 
sections for the stiffeners which had equivalent cross-sectional areas to those of the 
half-round stiffeners used experimentally. The plot of load against micro strain on the 
concrete surface (see Figure 6.10) showed that the non-linear analysis predicted a 
stiffer structure towards failure compared with the experimental beams.
40
25
f  20
 Linear FE
 Non-linear FE
■ér - '  Beam T5 
*  Beam T6
1000 1500 2000 2500 3000 35000 500
Microstrain
Figure 6.11: Plot of load against microstrain on the flange for T-type beams 
6.3.3 FE results of the S-type beams
The plots of load against deflection, load against microstrain on the concrete surface 
and load against microstrain on the flange are given in Figures 6.12, 6.13 and 6.14 
respectively.
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Figure 6.12: Plot of load against deflection for S-type beams
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Figure 6.13: Plot of load against microstrain on the concrete surface for S-type beams
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Figure 6.14: Plot of load against microstrain on the flange for S-type beams
Figure 6.12 showed that the non-linear FE analysis gave a good agreement with the 
experimental curves; the agreement was an improvement over the B-type and T-type 
beams. This is due to the S-type beams being a more stable element by virtue of a full 
complement of diaphragms along the length of the beam. Figure 6.13 shows the 
unpredictability of the behaviour of the concrete within the beam element. The 
experimental results indicate a greater non-linearity in the extreme surface of the 
concrete compared with the FE analysis; the average difference in strain between the 
experimental beams and the FE analysis was 15%. It can be seen that beam S4 has a 
greater non-linear characteristic than beam S3 which is essentially equidistant 
between the non-linear analysis and beam S4 results. However, at serviceabüity loads, 
there was only a 5% difference between the two analyses. Figure 6.14 shows the 
relationship between load and strain on the lower flange of the S-type beams. It will 
be noticed that the behaviour of the beams S3 and S4 are different. Beam S4 
compares well with the non-Unear analysis but there is a difference of 20% in the 
strain between beams S3 and S4 at faüure. This difference in performance is likely to 
be caused by material variability or fabrication imperfections.
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6.3.4 FE results of the C-type beams
The plots of load against deflection, load against microstrain on the concrete surface 
and load against microstrain on the flange are given in Figures 6.15, 6.16 and 6.17 
respectively.
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Figure 6.15: Plot of load against deflection for C-type beams
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Figure 6.16: Plot of load against microstrain on the concrete surface for C-type beams
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Figure 6.17: Plot of load against microstrain on the flange for C-type beams
Figures 6.15 and 6.16 show the results for the FE analysis of the C-type beams; these 
were very similar to that achieved for the S-type beams. The modelling of a non- 
homogeneous material such as concrete is difficult and the values of this input to a FE 
analysis could lead to inaccuracies although the non-linear analysis dramatically 
improved the comparison with the experimental beams.
6.3.5 FE results of the E-type and EV-type beams
The plots of load against deflection, load against microstrain on the GFRP cap and 
load against micro strain on the flange are given in Figures 6.18, 6.19 and 6.20 
respectively.
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Figure 6.18: Plot of load against deflection for E-type and EV-type beams
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Figure 6.19: Plot of load against microstrain on the GFRP cap for E-type and EV-type 
beams
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Figure 6.20: Plot of load against microstrain on the flange for E-type and EV-type 
beams
In Figure 6.18 loads up to serviceability show agreement between the linear, non­
linear FE analyses and experimental results. Loads in excess of the serviceability 
value show that the non-linear FE analysis more accurately predicts the behaviour of 
the experimental beams. However, the differences in the non-linear FE and 
experimental curves shown in Figures 6.18 and 6.19 are likely to be caused by the 
modelling assumption that no slippage occurred between the concrete and GFRP 
permanent shuttering. Some degree of slippage was likely to have taken place in the 
experimental due to the fact that no mechanical or adhesive bond was present between 
the two components of the encapsulated beams. As shown in Figure 6.20, both the 
linear and non-linear FE analyses compared well with experimental results for the 
strain on the flange.
6.4 FE Buckling Analysis Results
The FE buckling analysis of the beams estimated both the critical buckling load and 
the buckling mode at this load. The results of this analysis ensured that the beams 
which were not designed to fail by buckling of the web had sufficient buckling 
capacity to prevent premature failure (S-type, C-type and E-type -  see Table 5.0 in
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Appendix E). The beams that were designed to fail by buckling (B-type and T-type -  
see Table 5.0 in Appendix E) provided an indication when and where buckling would 
occur. The results presented in this section provide details of the first two positive 
eigenvalues and eigenmodes; higher order values were obtained but are not presented. 
The obtained eigenvalues were multiplied by the applied load to give the buckling 
load. The FE software recommended that an eigenvalue of less than one was utilised 
and, consequently, the load was varied until this was obtained; this was achieved 
using a load of 15 kN for the B-type and T-type beams and 50 kN for all other beam 
designs.
6.4.1 FE buckling results for the B-type and T-type beams
The first two positive eigenvalues for the B-type beams were 0.594 and 0.595 and for 
the T-type beams they were 0.533 and 0.534. This gave a buckling load of 8.9 kN and 
8 kN respectively for the two beam types. An example of the eigenmodes are given in 
Figure 6.21; showing the first two positive modes for the B-type beam.
Displacement Magnification Factor = 98.6 Displacement Magnification Factor = 98.5
Eigenvalue = 0.594 Eigenvalue = 0.595
Figure 6.21: Showing the first two positive eigenmodes for the B-type beams
The location of the buckle is clearly seen in Figure 6.21; the extent of the buckle is, of 
course, magnified. As expected, the results indicated that buckling would first occur at 
the position of the omitted diaphragm. The same results were obtained for the T-type 
beams. The FE results confirmed that buckling would occur at low loads and the value 
of the buckling load is in agreement with the experimental and theoretical results;
201
Chapter 6 NUMERICAL T-BEAM ANALYSIS
experimentally buckling first occurred at a load of 6 kN and theoretically it occurred 
at 5.4 kN (see Chapter 4, page 99).
There were a number of differences between the FE model and experimental hybrid 
beam which could be attributed to the variations in the buckling loads. These include 
the difference in the way in which the diaphragms were modelled (i.e. the FE model 
did not include the flanges of the diaphragm) and the fact that the model assumed a 
perfect bond between the diaphragm and GFRP web (this was shown not to be the 
case experimentally, see Chapter 5). However, the FE buckling analysis technique did 
provide a good indication of the buckling behaviour of the beam; the eigenvalue 
extraction technique was shown to be an adequate design tool for predetermining the 
buckling behaviour of a potential hybrid beam design.
6.4.2 FE buckling results for the S-type, C-type and E-type beams
The first two eigenvalues for the S-type beams were 0.783 and 0.783, for the C-type 
beams they were 0.824 and 0.825 and for the E-type beams they were 0.958 and 0.958 
This gave an average buckling load of 39.1 kN, 41.2 kN and 47.9 kN for each beam 
type respectively. An example of the eigenmodes are given in Figure 6.22; showing 
the first two positive modes for the S-type beam.
Displacement Magnification Factor = 62.0 Displacement Magnification Factor = 63.8 
Eigenvalue = 0.783 Eigenvalue = 0.783
Figure 6.22: Showing the first two positive eigenmodes for the S-type beams
The results presented in Figure 6.22 show that no buckling of the webs was evident 
for the S-type beams; the initial buckle occurs at the support diaphragm. This was
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consistent with the experimental results and for the FE models of the C-type and E- 
type beams. It is suggested that this type of analysis would be an ideal method of 
predicting whether the webs were sufficiently stiffened. An optimum GFRP web 
thickness and stiffening type could be investigated with this methodology before 
embarking on an experimental testing programme.
6.5 FE  Creep Analysis Results
Plots of deflection against time and microstrain on the concrete surface against time 
are given in Figures 6.23 and 6.24 respectively.
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Figure 6.23: Plot of deflection against time for the LTC-type beams
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Figure 6.24: Plot of microstrain on the concrete surface against time for the LTC-type 
beams
The results show that the FE model under predicts the amount of creep the 
experimental beam encounters during the testing period. However, it should be noted 
that the two experimental beams also vary quite considerably. The FE model is highly 
dependent on the material properties which are programmed into the ABAQUS input 
file. Consequently, the use of the creep properties fi"om the +/-45° GFRP coupons may 
not have been accurate when considering the properties of the beam as a whole. 
Furthermore, the concrete creep properties, regarded as the most susceptible 
component of the beam to creep effects, was obtained from published data (Neville, 
1995). The creep of concrete is dependent on a number of variables including (i) the 
type of aggregate, (ii) the aggregate content, (iii) the strength of the concrete, (iv) the 
type of cement, (v) the relative humidity of the surrounding air and (vi) the 
temperature of the surrounding air. Consequently, the properties of the concrete were 
likely to give rise to the differences shown in Figures 6.23 and 6.24.
6.6 Discussion
The numerical analysis described in this chapter provided important information on 
the investigation of the hybrid beams. The less time-intensive linear FE analysis, with
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the use of linear material properties, provided an acceptable comparison to the 
behaviour of the hybrid beams at serviceability loads (50% of ultimate); in all the 
models which have been developed, the linear FE analysis was within 5% of the 
experimental results at serviceability. However, as the non-linearity of the curves 
increased, i.e. after the serviceability loads, the percentage difference between the FE 
model and the experimental curves became more apparent. Indeed, the average 
difference between the load against deflection, load against strain on the concrete 
surface and load against strain on the flange plots towards failure were 5%, 15% and 
2% respectively.
The differences between the FE models and experimental results are likely to be 
caused by a number of reasons:
i. The APC material properties were taken from an average of either ten or 
fourteen coupons. The variability of the material has been discussed in Chapter 
3 and it was evident that some material variability exists, particularly in the 
longitudinal stif&iess of the UD CFRP. This may have had an effect on the 
solutions of the FE model. The variability of concrete is well known and 
despite using the same mix design throughout this study, the 28-day 
compressive strength had a coefficient of variation (COV) of 8.5%. 
Consequently, the assumption that the stiffiiess was 28 kN/mm^ throughout the 
12 static beams may have been inaccurate. Neville (1995) states that a higher 
strength concrete has a higher modulus of elasticity.
i l  A number of APC material properties were not determined experimentally, but 
were taken from published literature or supplied by the manufacturer. For 
example the through-thickness properties could not be determined by material 
coupon tests. Consequently, some minor errors in this respect could have 
produced inaccuracies within the FE model.
iii. The 3D geometry of the hybrid beams was modelled accurately, but the 
diaphragms or stiffeners were idealistically simplified. For simplicity, the 
GFRP diaphragms were modelled to the correct thickness (i.e. 2mm) but 
without the 10 mm flanges described in the manufacturing procedure (see
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chapter 5). This extra thickness of GFRP from the flanges would have provided 
additional stif&iess to the webs in the experimental tests. The timber stiffeners, 
which were half round in the experhriental beams, were modelled as 
rectangular sections with an equivalent cross-section. Again, this would have 
had an effect on the overall stability of the beams.
iv. The lap at the centre of the beam, which was required to produce a balanced 
section (see manufacturing section o f chapter 5), produced an area of the GFRP 
webs which was twice the thickness of the rest of the web. Although the beams 
were instrumented away from this lap, some differences in the FE results may 
have been apparent.
V. The FE models assumed that the bond between the concrete ^ d  APC 
permanent shuttering was perfect. Additionally, the bond between the GFRP 
diaphragms/timber stiffeners and the GFRP webs was also assumed to be 
perfect. However, the experimental testing showed that a number of 
diaphragms or stiffeners could debond prior to the failure of the beam. This 
could potentially have caused the differences between the FE models and 
experimental results, particularly for the beams which were designed to fail by 
buckling of the webs (B-type and T-type beams) as the thickness of the web 
was only 1.08 mm (half that of the other beam types).
vi. The boundary conditions were assumed to be perfect which may not have been 
the case experimentally. The model allowed free movement at the supports in 
the longitudinal direction; it is assumed that some resistance may have been 
apparent experimentally.
vii. The manufacturing technique utilised in the fabrication of the hybrid beams 
would invariably produce slightly differing cross-sections. This is likely to 
have caused minor differences when compared to the FE model results.
Generally, the linear FE analysis technique was an efficient way of analysing the 
hybrid beams up to serviceability loads. However, the more processor intensive non­
linear analysis was essential to more accurately predict the behaviour of the beams 
towards failure. The non-linear FE analysis ensured that a more accurate comparison
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could be made between the experimental and FE results. This was particularly evident 
for the load against deflection curves which on average were less than 5% different 
towards failure. The capability of the non-linear analysis to accurately predict the 
behaviour of the strain in the concrete was hampered by the variability of the material 
and by the reliance of the non-linear material property data. Although the non-linear 
FE analysis certainly improved the accuracy of obtaining the load-strain plot for the 
concrete, particularly when compared to the linear analysis, there was, on average, 
still a 15% difference in the value of the strain as, the beam approached failure. The 
prediction of the strain in the concrete for the T-type beams was particularly accurate. 
This was due to the strain in the concrete only just commencing the non-linear phase 
of the curve before failure of the beam occurred due to excessive deflections within 
the web. If the beam had continued to take load, it is presumed that the curve would 
have deviated away from the experimental values as the strain became highly non­
linear.
The eigenvalue buckling analysis of the different hybrid beams provided sufficient 
information to determine whether the stiffening technique for the thin-walled GFRP 
web was sufficient to prevent buckling at loads which were below ultimate failure 
capacity of the beam. The method of stiffening the web is an important characteristic 
in the design of the hybrid beams investigated in this study. Consequently, the FE 
analysis is a useful tool in determining whether a particular stiffening methodology is 
appropriate. Indeed, a number of different methods of stiffening the web of a 
rectangular hybrid beam were established utilising this analysis (Canning, 2001). The 
eigenvalue extraction buckling analysis of the two beam types which were designed to 
fail by buckling of the web provided both buckling modes and buckling values which 
were consistent with theoretical and experimental work. Again, the discrepancies in 
the buckling values are likely to be caused by slight differences in the model 
geometry of the diaphragms and stiffeners compared with their actual geometries. The 
buckling analysis of all other beam types showed that the beams were sufficiently 
stiffened in the webs and consequently web buckling was unlikely to be a 
consideration in the overall structural integrity of the hybrid beam.
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The creep analysis of the LTC-type beams gave an indication of the long-term beam 
behaviour. The FE model was modified so that the analysis was dependent on the 
stif&iess and strain of the individual material at a given time interval. This gave results 
that under predicted the creep behaviour of the hybrid beam but gave a general trend 
on the performance of the beam subjected to sustained loads. The use of the 
experimental +/-45° GFRP creep coupon results, as reported in chapter 3, for the 
material properties may not have been reflective of the manner in which the beam 
would behave. Furthermore, the use of published data for the creep properties of 
concrete may have caused additional differences in the FE model.
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CHAPTER 7
7.0 CONCLUSIONS AND FUTURE WORK
7.1 General Conclusions from Study
The overall objective of this study was to establish the feasibility of utilising two or 
more dissimilar materials to form a structural unit and specifically to analyse 
experimentally and analytically a hybrid beam consisting of concrete in the 
compressive region and APC materials in the tensile region. The study used an APC 
material which was ideally suited for civil engineering purposes, i.e. with a low 
temperature cure, a significant outlife and relatively simple manufacturing technique 
utilising heavyweight fabric which had properties of pliability and drapability. The 
manufacturing procedure, utilising a vacuum bag methodology, was found to be 
applicable for this type of hybrid beam; an excellent level of compaction was 
achieved (less than 1% void ratio) and the fabrication method was readily repeatable. 
The fifteen 1.5 m span hybrid beams were tested statically in 4-point bending and 
three beams were additionally subjected to long-term loading regimes; two were 
subjected to creep loads of 20 kN and one subjected to fatigue loading for 10 million 
cycles.
7.2 Conclusions from APC Material and Adhesive Testing
The following conclusions were obtained from the small-scale material testing 
described in chapter 3:
7.2a) The testing of APC materials produced variable ultimate failure results, 
particularly for the high modulus materials. An inferior quality laminate was 
thought to account for this variability but this conclusion was not confirmed 
with microscopy which indicated that the percentage of air voids was 0.26 and
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0.84 for the xLTM65U UD CFRP and VTM/266 UD CFRP respectively. 
However, the results reported can be used to provide general trends for a 
design philosophy for the new materials.
7.2b) A reduction in mechanical properties is evident as the temperature at 
which the specimens were tested approached the Tg for the material. At 45°C, 
when the fibres lie in the line of action of the load, there was a slight increase 
or no appreciable change in the mechanical properties for both the CFRP and 
the GFRP specimens. In the matrix dominated +/-45° GFRP there was a 
gradual decrease for both the stiffness and the strength of the composite.
7.2c) Exposure to wet/dry cycles, in water and in road salt solution, produced no 
noticeable adverse effects on the longitudinal stif&iess of the materials 
investigated. Slight increases in stif&iess were shown for all of the composite 
materials with the exception of the 0/90° GFRP subjected to the salt solution 
which showed only a 3% reduction in stif&iess. The ultimate failure stress was 
reduced by exposure to tap water for the materials with fibres that lay in the 
line of action of the load, but there was an increase in the corresponding stress 
with exposure to the salt solution environment. The water or the salt solution 
environments had no adverse affect on the ultimate strength of the matrix 
dominated +/-45° GFRP.
7.2d) No adverse effects on the mechanical properties were found in specimens 
subjected to the equivalent of 4-5 years exposure to natural UV radiation in the 
UK climate. Slight reductions in the stif&iess were reported in the GFRP 
composites, but a slight increase was reported for the CFRP. Discoloration of 
the matrix material was evident, particularly in respect to the GFRP 
composites.
7.2e) Exposure to the simulated concrete pore solution (pH 12.5) had no adverse 
effect on the ultimate failure strength of the materials investigated. Only minor 
reductions in the longitudinal stif&iess were reported, with a maximum 
reduction of 6.9% for the +/-45° GFRP.
7.2f) The exposure of the 0/90° GFRP (2) material to fresh concrete had no 
adverse effect on the mechanical properties. However, exposure to fi*esh 
concrete at 98% relative humidity showed a 17.6% reduction in the failure 
stress. Consequently, it was the exposure to the moisture that had an adverse
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effect on the mechanical properties rather than exposure to the fresh concrete 
itself.
7.2g) In all of the environments, the longitudinal stif&iess was largely 
unaffected. It should be noted that in civil engineering applications, designs 
are stif&iess driven rather than driven by strength requirements.
7.2h) Composite materials when loaded in the direction of the fibres are largely 
unaffected by sustained loading. However, where the matrix is dominant (i.e. 
where the line of application of the load does not lie along the fibre direction), 
creep effects will be observed. This was evident in the testing of the +/-45° 
GFRP coupon specimens that were loaded at 45° to the direction of the fibres.
7.2i) A method to obtain the DLSS for the UD CFRP and the 0/90° GFRP has 
been demonstrated, however, the results for the UD CFRP appear to be erratic 
with 25 mm specimens (the maximum value for ILSS was 63.48 MPa, with a 
minimum value of 49.60 MPa). The ILSS of +/-45° GFRP was not achieved; a 
visual examination of the specimens indicated a combined flexural and ILSS 
failure but the analytical results indicate the flexural failure dominated.
7.2j) The adhesive testing, utilising the shear pull-off test procedure developed 
at the University of Surrey, indicated that Sikadur 31 adhesive could be 
effectively used within the hybrid beam manufacture to provide the necessary 
shear bond between the concrete and APC material. The adhesive was shown 
to perform adequately up to temperatures of 60°C.
Tables summarising the environmental effects on both the longitudinal strength and 
stif&iess of the APC materials are shown in Tables 7.0 and 7.1 respectively.
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ENVIRONMENTAL CONDITION
22°C 45°C 60"C Water Salt UV Alkali Cone.
Cone,
98%
UDCFRP 809
(8.8%)
803
(11.7%)
690
(12.2%)
778
(16.2%)
834
(13.8%)
942
(5.6%)
807
(12.0%)
~ ~
0/90 GFRP 334 367 314 285 357 327 361
(11.4%) (8.0%) (12.1%) (6.3%) (10.2%) (14.8%) (5.0%)
+/-45 GFRP 125
(3.3%)
93
(8.2%)
82
(14.5%)
136
(3.3%)
142
(3.2%)
138
(2.9%)
127
(2.6%)
~
0/90 GFRP(2) 460
(4.9%)
383
(4.8%)
346
(7.0%)
490
(5.3%)
379
(6.0%)
Table 7.0: Showing the ultimate failure stress (MPa) after exposure to the various 
environments
MATERIAL
ENVIRONMENTAL CONDITION
22“C 45“C 60”C Water Salt UV Alkali Cone.
Cone,
98%
UDCFRP 85.7
(4.6%)
89.7
(8.6%)
74.4
(12.5%)
87.9
(1.3%)
94.3
(0.9%)
89.1
(0.8%)
84.4
(5.2%)
~
0/90 GFRP 23.7
(5.2%)
23.7
(3.8%)
21.5
(1.9%)
23.9
(1.9%)
23.0
(8.5%)
23.0
(1.9%)
23.2
(2.6%)
+/-45 GFRP 13.1
(0.9%)
11.2
(5.7%)
9.20
(4.3%)
13.8
(3.8%)
14.3
(0.6%)
12.4
(3.8%)
12.2
(3.3%)
0/90 GFRP(2) N/A N/A N/A N/A N/A
Table 7.1: Showing the longitudinal stiffness (GPa) at 0.5% strain after exposure to 
the various environments
7.3 Conclusions from Theoretical Analysis
The following conclusions have been obtained from the theoretical analysis utilised 
for the hybrid beam development described in chapter 4:
7.3a) The initial beam development identified the need for the beam to be 
designed with stiffness constraints as the main criteria. Consequently, the limit 
of Span/250 for the midspan deflection was adopted to meet the same criteria 
as a reinforced concrete beam.
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7.3b) A number of different failure mechanisms were identified, including 
flexural, web buckling and shear bond. Two basic designs were established to 
consider the effects of web buckling and the bond between the concrete and 
APC permanent shuttering.
7.3c) The determination of the shape factor was critical for the calculation of the 
midspan deflection as the shear deflection was shown to be up to 30% of the 
total deflection of the beam. This was due to the thin walled webs having an 
unusually large effect on the overall beam deflection.
7.3d) The linear-elastic methodology of predicting the behaviour of the two 
beam designs was shown to be adequate up to serviceability loads of 20 kN 
(approximately 50% of ultimate). However, due to the non-linear 
characteristics beyond serviceability loads, of both the concrete and +/-45° 
GFRP after these loads, the prediction of both the strain in the concrete and 
midspan deflection was less accurate.
7.3e) The calculation of the flexural strength of the beams was shown to under 
predict failure loads by 23% for the shear bond beam design and by 12% for 
the web buckling beam design. However, the flexural strength was highly 
dependent on the ultimate failure strain of the concrete. In this case, a value of 
0.002 strain was utilised as the beam was wholly in compression. The 
variability of the strain in the concrete at failure is shown in the experimental 
tests where a minimum strain of 1712 was recorded for a C-type beam and a 
maximum value of 2514 reported for a S-type beam. This variability would 
certainly have had an effect on the prediction methodology utilised in this 
study.
7.3f) The methodology used to predict buckling of the webs was in good 
agreement with the experimental results; only a 1% difference was obtained 
for both analysis types. However, it was shown that there was enormous post 
buckling strength.
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7.4 Conclusions from Experimental T-beam Manufacture and Testing
The following conclusions have been obtained from the T-beam manufacturing 
procedure and experimental testing undertaken in this study which were described in 
chapter 5:
7.4a) The investigations into hybrid beams have shown that the overall 
fabrication technique is credible and the laboratory analysis has indicated that 
the methods of manufacture used in the laboratory would be feasible for site 
production. The prepreg material has a workable life of 21 days after it is 
taken from the freezer which will be adequate for the fabrication of any shell 
structure under site conditions.
7.4b) The development of a new heavyweight prepreg material has considerably 
reduced the labour times associated with such a manufacturing technique as 
the increased prepreg thickness reduces the number of plies.
7.4c) The web buckling beam design showed that buckling in the two parts of 
the web occurred at relatively low loads, however, the ultimate failure load of 
the beam was 600% higher. Consequently, buckling of the thin walled web of 
these types of beams can be designed out and hence should not be a problem 
to the overall performance of the beam.
7.4d) The choice of Sikadur 31 as an adhesive to bond the freshly cast concrete 
to the GFRP permanent shuttering provided the necessary shear transfer to 
give full composite action between the APC material and concrete.
7.4e) The stiffening method for the thin GFRP webs was shown to be critical to 
the performance of the beam; the GFRP diaphragms and timber stiffeners had 
similar stif&iess responses but the latter method of stiffening the beam had a 
reduced ultimate failure load of 23%. The method of incorporating carbon 
strips during the beam fabrication was the least time consuming and produced 
beams with the highest ultimate failure load (for the unconfined concrete 
beams) and stiffest response.
7.4f) The deflection limits associated with these beams are comparable and in 
some cases exceed the minimum deflection requirement for an equivalent RC 
beam which is stated as having a maximum allowable serviceability deflection 
of Span/250; the serviceability (20 kN) deflections for the hybrid beams were
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Span/375 and Span/250 for the shear bond (i.e. S-type and C-type) and web 
buckling beams (i.e. B-type and T-type) respectively. However, to achieve this 
deflection criterion, the required UD CFRP in the flange resulted in an 
increased factor of safety for the APC component of the beam section. The 
strain in the CFRP reached only 30% of the ultimate strain (as determined by 
coupon tests).
7.4g) Encapsulating the hybrid beam provided a ductile response and an increase 
in the ultimate failure load of 26% and 14% compared to the B-type and S- 
type beams respectively. This is an additional benefit of encapsulation as a 
brittle failure associated with CFRP materials should be avoided (although 
well known brittle materials, such as timber, have been and still are used in 
structural applications). The failure mechanism for the encapsulated beams 
was by buckling of the GFRP cap and a tensile failure within the concrete at 
the same location due to excessive deflections.
7.4h) The long term testing of the hybrid beams showed that their behaviour was 
dominated by the properties of the concrete, despite the realisation that the 
matrix-dominated +/-45°GFRP was liable to creep. The properties of the 
concrete were adversely affected by a sustained load and by micro cracking 
caused by cyclic loading. The UD CFRP was completely unaffected by either 
load case.
7.5 Conclusions from Numerical Analysis Techniques
The following conclusions have been obtained fi"om the FE analysis of the hybrid T- 
beams as described in chapter 6:
7.5a) The geometry of the hybrid beams was effectively modelled in three 
dimensions utilising Patran 2000 as the pre-processor and ABAQUS v5.8 as 
the analysis tool and post processor. Four different analysis techniques (linear, 
non-linear, buckling and creep) successfully predicted different aspects of the 
beams behaviour.
7.5b) The linear FE analysis accurately predicted the load-deflection behaviour 
of the S-type, C-type and E-type beams at serviceability loads (20 kN). The
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linear prediction of the deflection for the B-type and T-type beams was less 
accurate due to the discrepancies in the behaviour of the thin walled web. The 
prediction of the strain in the concrete and flange was within 5% of 
experimental values for all beam types. After serviceability loads, the linear 
analysis could not accurately predict the load-deflection behaviour or the 
change in strain of the concrete due to the non-linearity of some of the 
constituent materials. However, as the CFRP is linear-elastic to failure, the 
linear analysis gave good comparisons with experimental values for the strain 
in the flange for all beam types.
7.5c) The non-linear analysis is very demanding on the computing resource in 
terms of processing time, RAM and storage space. However, the results of the 
analysis improved the accuracy of the model to predict the behaviour of the 
beams. This was particularly evident with the plots of load against deflection 
and the strain in the concrete after serviceability loads. The strain in the 
concrete was still not accurately predicted as the beam approached failure. 
This was due to the fact that the non-linear properties of the concrete were 
dependent on published values.
7.5d) The web buckling analysis utilising eigenvalue extraction gave a good 
indication of the load at which buckling would occur and also the location of 
this buckle. The buckling shape was also predicted. The results showed that 
the web buckling beam designs (B-type and T-type) would indeed buckle at 
the location of the omitted diaphragm/stiffener at relatively low loads. This 
method was also used to show that premature buckling of the other beam types 
was highly unlikely.
7.5e) The creep analysis gave results which under predicted the extent of the 
creep behaviour of the hybrid beam. However, the general trend of the creep 
curve was evident. The FE model was highly dependent on the user’s input 
data and, consequently, the inaccuracy of the material properties may have 
been a contributing factor to the differences in the model compared to the 
experimental beams.
In summary, this research has utilised two dissimilar materials (concrete and APCs) to 
effectively fabricate a structural beam element capable of resisting a substantial 4-
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point load and to meet deflection criteria associated with reinforced concrete beams. 
The hybrid beam is considerably lighter than a geometrically equivalent RC beam. In 
practical terms, this would ensure significant savings in (i) the use of cranes for lifting 
purposes, (ii) the requirements for complex foundations and (iii) traffic management 
costs as erection times are more rapid.
7.6 Original Contributions to Engineering Knowledge
The author considers the following as original contributions to further the knowledge 
of engineering fi*om the results of this research study:
7.6a) Development of a hybrid T-beam system incorporating heavyweight fabric 
APC materials that are ideally suited to civil engineering applications.
7.6b) A hybrid T-beam designed with the stiffiiess of the system as the most 
important component and with the added advantage of permanent formwork to 
contain the concrete whilst curing.
7.6c) The encapsulation of a hybrid T-beam to utilise the confinement technique 
of concrete to improve the overall failure mechanism and to improve the 
ultimate failure load.
7.7 Recommendations for Future Work
Following the completion of this study on the characterisation of hybrid beams, it is
recommended that additional work should be undertaken on the following subjects:
• Further testing on the VTM/266 materials should be undertaken. The new material 
was developed towards the end of this project but it is likely to have a beneficial 
effect in terms of reduced labour times in the fabrication of these types of beam. 
Durability studies should be carried out to ensure that the material is compatible 
with the civil engineering environment.
•  Other durability studies on environments which were not considered in this study 
may be necessary depending on the application of the material. These include 
exposure to acids and diesels. Additionally, further analysis of the effects of UV
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radiation should be considered, as the results presented here could not be readily 
explained.
• The ILSS of the APC materials requires further investigation as the results of the 
+/-45° GFRP showed a combination of flexure and ILSS failure.
• A development of the hybrid beam fabrication technique, utilising VTM/266 
materials and confined concrete, should be continued. A stiffening method of the 
webs is required which could readily be applied to mass production techniques on 
a full scale beam. Additionally, the advantages of confining the concrete should be 
further investigated to produce a section which could be fabricated practically and 
economically.
• The environmental effects on a loaded hybrid beam should be considered to 
determine whether the combination of APC materials and concrete are degraded 
on exposure to temperature or moisture.
• Further long term testing of the encapsulated beam should be considered to 
determine whether the effects of creep and dynamic loads on the concrete could be 
reduced.
• To investigate a hybrid beam cross-section with the objective of a more economic 
beam to manufacture, install and maintain when compared to an equivalent RC 
construction. The costs of APC materials are reducing in price and hence the 
initial fabrication outlay will decrease and be as advantageous as the installation 
and maintenance costs already associated with APC materials in construction. 
Considerations should be given to mass production techniques, such as semi­
automated fabrication methods.
If'
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Table showing the details of the material testing which has been completed for this study.
T E S T S T A N D A R D
Specimen Dimensions (mm) Specimens (No.)
Length Width Nominal
Thickness
UD
CFRP
0/90®
GFRP
+/-45®
GFRP
Interlaminar Shear 
Strength
ASTM D2344
44.8 (G) 
38.4(C)
6.4 6.4 10 10 10
Interlaminar Shear 
Strength
UoS Procedure
44.8 (G) 
38.4(C)
25 6.4 15 15 15
Flexural Properties ASTM D790M
50(G)
100(C) 25
2 8 5 8
Inplane Shear 
Properties
ASTM D4255 152 76 2 5 5 -
Creep UoS Procedure 250 25 1 2 3 5
Longitudinal Tensile 
testing at 22°C
ASTM D3039M 250 25 1 14 10'^ 10*
Durability testing at 
45°C
UoS Procedure 250 25 1 14 10'^ 10
Durability testing at 
60°C
UoS Procedure 250 25 1 14 lO'^ 10
Durability testing 
(Immersed in water)
UoS Procedure 250 25 5 5 5
Durability testing 
(UV)
ASTM G53 /  
Weathering at 
TWO
250 25 1 5 5 5
Durability testing 
(Immersed in salt 
solution)
UoS Procedure 250 25 1 5 5 5
Durability testing 
(Immersed in pH12.5 
solution)
UoS Procedure 250 25 1 4 4 4
Durability testing 
(fresh concrete)
UoS Procedure 250 25 1 - 8 -
Durability testing 
(fresh concrete @ 
98% RH)
UoS Procedure 250 25 1 - 8 -
Note: * 3 No. used for Inplane shear testing, 5 No. tested were 0/90° GFRP(2)
AI
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Calculation of the position of the neutral axis and the El for the hybrid T-beam were 
undertaken using the transformed section methodology (Gere and Timoshenko, 1990):
DATUM
where:
1 Acfrp
Agi = Ag7 
Ag2 = Ag6 
Ag3 = Ag5
Agi = hci * ^gi 
At = hr * dj 
etc...
G^8
The position of the neutral axis, y =  — (B l)
where:
= Ac + 2 * A ^ *
A c * Acs* + Ay *
^ E c ^
7J
A *  ^CFRP
'CFRP
/J
(B2)
BI
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l é  •
■ W
( ^ A |  *X; ) = [Ac*xJ + 2*Ao, *
2 * A ^ * •X3 + A » *
‘X i +
'X4 +
2* A c,*
A c *
Ay * 'X2 + A *^CFRP
C^FRP
'X2 +
%  +
(B3)
Calculation of the flexural rigidity of the section, El = ^  (E; * I. ) (B4)
CFRP
G^8
hot — + Aj * Xj )
hot = Ic + (2*Igi) + (2*Ig2) + (2*Ig3) + Ig4 + I t  + Icfrp
39.1mm for B-type 
41.3mm for S-type
— NA
(B5)
(B6)
hot —
L\
2*
12
+ (Ac * xJ )
12
+ A g2*
+ 2* "bo, *do, ' +
f
Aai*
\
*xf
12 E r
- I I ^ J >
*x! + 2*
12
+ Ao3*
+
*x!
/J
BII
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^G4 *^ C34
L\ 12
\ f
E c
"y
+ ^ 0 4  * * A4 +
y I - _\
3 >
^08 *^G8 
12
\ f
Ec
+ ^G8 * ^6
y I y ^ ) -
LV 12
Ay * *
yj
y%  ^ d __
^C FR P "C F R P
L\ 12
3 I
A  H*^CFRP
'CFRP
E,
*
yj
(B7)
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Calculation of the shape factor for the hybrid T-beam was undertaken using the 
simplified transformed section below (Gere and Timoshenko, 1990):
be
DATUM
where: 
be = 140 
bw = 2 * tw * Eg/Ec 
tw = 1.08 or 2.16 
bf = 80 * EcFRp/Ec I
The shape factor is given as, f$ = — -  j —^ d A
I». i  b:tot A
(C l)
Q — Qi + Q2 + Qs
b t l  k  k
Qi = j y d A =  J  j y d y d z  = bf j y d y  =bf
-6/2/12 Aj 2
rc2)
b / 2  fh fh
Q2 = j y d A =  J  j y f d y d z  = b^ j y i d y  = bv
-b/2yi
= ^ k - y f ]  (C3)
6/2 fh K
Q 3 = J y d A =  J j y j d y d z  =  b , J y 2 dy =  bc
-6/2 yi
Y2
>2
Cl
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Therefore, Q -  -^ [h f  -h^]  + ^ [ h 2 - yf ] + " Yz] (C5)
As yi = y2 = 0, then:
Q = ^ k - h : ]  ^, K K , b , h : (C6)
Consequently, —  =Q"
b'
^q . T
w y V y
rc7)
The second moment of area. I, is calculated in a similar manner to that shown in 
Appendix B.
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An ABAQUS input file for the non-linear FE analysis of the S-type beams. Some of 
the actual numbers for the node and element identification have been removed to 
reduce the size of the input file.
* *  I n p u t  t o  e n a b l e  ABAQUS p o s t  t o  b e  u t i l i s e d  
*Restart, write, frequency=2 
*HEADING, SPARSE
ABAQUS job created on 14-Mar-00 at 13:07:04 
**
**
* *  C o o r d in a t io n  s y s t e m  f o r  i n d i v i d u a l  n o d e s  
*NODE
1, -31.08, 122.16
2, -30.54, 122.16
3, -30., 122.16
etc.
**
* *  S e t - u p  o f  i n d i v i d u a l  e le m e n t  t y p e s  l i s t i n g  t h e  s o l i d s  i n  e a c h  s e t  
**
*ELEMENT, TYPE=C3D20, ELSET=CONCRETE
6, 28, 23, 88, 86,
151, 149, 25, 81, 87, 80,
150, 143, 40, 38, 121, 120
*ELEMENT, TYPE=C3D20, ELSET=DIAPHRAG
196, 637, 1002, 2633, 664,
2834,704, 1004, 2623, 2632, 661,
2833,701, 645, 1023, 2762, 688
**
♦ELEMENT, TYPE=C3D20, ELSET=FLANGE_C
83, 1071, 1114, 1136, 1089,
1148, 1101 1112, 1133 1135, 1092
1147, 1104 1078, 1119 1140, 1097
♦ELEMENT, TYPE=C3D20, ELSET=FLANGE_G
85, 1151, 1171, 1136, 1114,
1148, 1126 1170, 1173 1133, 1153,
1145, 1165 1158, 1178 1140, 1119
♦ELEMENT, TYPE=C3D20, ELSET=PLATE
49, 597, 637, 664, 662,
704, 702, 638, 661, 663, 660,
703, 700, 605, 645, 688, 687
♦ELEMENT, TYPE=C3D20, ELSET=LHW_INNE
106, 1480, 1350, 1257, 1438,
1297,1450, 1494, 1351, 143 6, 1479,
1448,1491, 1484, 1363, 1285, 1443
* *
68,
65,
etc.
649,
1065,
etc.
1083,
1124,
etc.
1163,
1182,
etc.
609, 
650, 
etc.
1492, 
1506, 
etc.
63,
144,
1063,
2824,
1126,
1145,
1183,
1185,
649,
701,
1390,
1391,
DI
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♦ELEMENT, TYPE=C3D20, 
102, 1395,
1432,1412, 1414,
1431,1409, 1402,
* *
♦ELEMENT, TYPE=C3D20, 
1, 1,
48, 46, 2,
47, 44, 29,
ELSET=LHW_OUTE 
1415, 1420,
1417, 1419,
1422, 1424,
ELSET=RHW_INNE 
3, 8,
5, 7,
30, 32,
1400, 1407,
1397, 1426,
1404 etc.
6 ,
4,
41,
42,
1427,
1429,
43,
45,
31 etc.
♦ELEMENT, TYPE=C3D20, 
39, 473,
502, 460, 474,
501, 497, 486,
ELSET=RHW_OUTE 
475, 483,
479, 482,
487, 490,
441,
478,
492,
493,
494,
498,
454 etc.
*  *
* *
♦ ♦  S e t - u p  o f  i n d i v i d u a l  o r i e n t a t i o n  s y s t e m  f o r  e a c h  m a t e r i a l  a lo n g  
w i t h  n u m b er  o f  l a y e r s  i n  e a c h  la m i n a t e  
* *
♦♦ Concrete 
* *
♦SOLID SECTION, ELSET=CONCRETE, MATERIAL=CONCRETE 
1 . ,
* *
♦♦ Diaphragms 
* *
♦ORIENTATION, SYSTEM=R, NAME=0ID1
1 . ,  0 . ,  0 . ,
0. 3, 45.
* *
0 . , 1 . ,
♦SOLID SECTION, COMPOSITE, ELSET=DIAPHRAG, STACK DIRECTI0N=3 
0.45, 3, A45GFRP, OIDl
0.45, 3, A45GFRP, OIDl
* *
♦♦ Flange_C 
* *
♦ORIENTATION, SYSTEM=R, NAME=0ID2 
1 . ,  0 . ,
0. 3, 0.
* *
0 . , 0 . , 1 . ,
♦SOLID SECTION, COMPOSITE, ELSET=FLANGE_C, STACK DIRECTI0N=3
0.43, 3, CFRP, 0ID2
0.43, 3, CFRP, 0ID2
0.43, 3, CFRP, 0ID2
0.43, 3, CFRP, 0ID2
0.43, 3, CFRP, 0ID2
0.43, 3, CFRP, 0ID2
0.43, 3, CFRP, 0ID2
0.43, 3, CFRP, 0ID2
♦♦ Flange_G 
* *
♦SOLID SECTION, 
0.45, 
0.45,
* *
♦♦ Plate 
*  *
♦SOLID SECTION, 
1 . ,
COMPOSITE, ELSET=FLANGE_G, STACK DIRECTI0N=3 
3, A45GFRP, OIDl
3, A45GFRP, OIDl
ELSET=PLATE, MATERIAL=PLYWOOD
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* *
** LHW_Inner 
* *
**
♦SOLID SECTION, COMPOSITE, ELSET=LHW_INNE, STACK DIRECTI0N=3 
0.45, 3, A45GFRP, OIDl
0.45, 3, A45GFRP, OIDl
* *
♦♦ LHW_Outer 
* *
* *
♦SOLID SECTION, COMPOSITE, ELSET=LHW_OUTE, STACK DIRECTI0N=3 
0.45, 3, A45GFRP, OIDl
0.45, 3, A45GFRP, OIDl
*  *
♦♦ RHW Inner
♦SOLID SECTION, COMPOSITE, ELSET=RHW_INNE, STACK DIRECTI0N=3 
0.45, 3, A45GFRP, OIDl
0.45, 3, A45GFRP, OIDl
* *
♦♦ RHW_Outer 
* *
* *
♦SOLID SECTION, COMPOSITE, ELSET=RHW_OUTE, STACK DIRECTI0N=3 
0.45, 3, A45GFRP, OIDl
0.45, 3, A45GFRP, OIDl
* *
Time: 08:37:20
♦♦ Concrete 
♦♦ Date: 14-Mar-00 
* *
♦ ♦  S e t - u p  o f  d i f f e r e n t  m a t e r i a l  p r o p e r t i e s  ( i n c l u d i n g  n o n - l i n e a r i t y  
o f  c o n c r e t e  a n d  + / - 4 5 °  GFRP)
* *
♦MATERIAL, NAME=CONCRETE 
* *
♦ELASTIC, TYPE=ISO
28., 0.3
♦concrete 
0 . 0 2 , 0 . 0 0 0 0  
0.03,0.0005 
0.04,0.001125 
0.05,0.001875 
0.06,0.0031875 
0.065,0.004675 
0.07,0.006125 
0.075,0.008875 
0.08,0.012375 
0.085,0.017375
♦tension stiffening,type=displacement 
0.5
♦failure ratios
1.16,0.09,1.28,0.333333 
*  *
* *
♦♦ 45GFRP
♦♦ Date: 14-Mar-00 
* *
♦MATERIAL, NAME=A45GFRP
Time: 08:37:20
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♦ELASTIC, TYPE=ENGINEERING CONSTANTS,dependencies=1
16.93.16.93.10..547..3..3.8.6.6, ,0
14.48.14.48.10..552..3..3.8.6.6, ,0.003
12.46.12.46.10..584..3..3.8.6.6, ,0.006
10.58.10.58.10..614..3..3.8.6.6, ,0.009
9.00.9.00.10..640..3..3.8.6.6, ,0.012
7.77.7.77.10..664..3..3.8.6.6, ,0.015
6.77.6.77.10..674..3..3.8.6.6, ,0.018
6.23.6.23.10..675..3..3.8.6.6, ,0.020 
* *
♦user defined field 
♦depvar
♦♦ CFRP
♦♦ Date: 14-Mar-00 Time: 08:37:20
* *
♦MATERIAL, NAME=CFRP 
* *
♦ELASTIC, TYPE=ENGINEERING CONSTANTS
85.73. 6. 6. 0.23 0.1 0.1
4.24 3. 3.
* *
♦♦ Plywood
♦♦ Date: 14-Mar-00 Time: 08:37:20
* *
♦MATERIAL, NAME=PLYWOOD 
* *
♦ELASTIC, TYPE=ISO
7., 0.3
* *
♦ ♦  S e t - u p  o f  b o u n d a r y  c o n d i t i o n s
* *
♦♦ Bearing 1 
* *
♦BOUNDARY, OP=NEW 
BEARING, 1,, 0.
BEARING, 2,, 0.
* *
♦♦ Bearing 2 
* *
♦BOUNDARY, OP=NEW 
BEARIN_1, 1,, 0.
BEARIN_1, 2,, 0.
* *
♦ ♦  S e t - u p  o f  l o a d i n g  a r r a n g e m e n t  
* *
♦♦ Step 1, Default Static Step
♦♦ LoadCase, Default 
* *
♦STEP, AMPLITUDE=RAMP, inc=100
♦♦Linear Static Analysis 
* *
♦♦This load case is the default load case that always appears 
* *
♦STATIC,riks
.2,1,0,.1,1.05 
* *
♦NSET, NSET=BEARING
1149, 1150, 1151, 1157, 1158, 1161, 1162, etc
*  *
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♦NSET, NSET=BEARIN_1
169335, 169336, 169337, 169343, 169344, 169347, 169348, etc
* *
♦NSET, NSET=L0AD1
103499, 103505, 103516, 103558, 103559, 103560, 103561, etc
* *
♦NSET, NSET=L0AD2
63466, 63467, 63468, 63669, 63675, 63686, 63692, etc
* *
♦♦ Loadl 
* *
♦♦CLOAD, OP=NEW 
♦CLOAD
LOADl, 2, -0.5128
* *
♦♦ Load2 
* *
♦♦CLOAD, OP=NEW 
♦CLOAD
L0AD2, 2, -0.5128
* *
♦controls, analysis=discontinuous 
♦controls, parameters=time incrementation 
8,16, ,16, ,
♦controls, parameters=field
5e-2 
* *
♦EL PRINT, POS=NODES, FREQ=0 
**
♦EL FILE, POS=NODES, FREQ=0 
* *
♦EL PRINT, POS=CENTR, FREQ=0 
* *
♦EL FILE, POS=CENTR, FREQ=0 
* *
♦EL PRINT, POS=AVERAGE, FREQ=0 
* *
♦EL FILE, POS=AVERAGE, FREQ=0 
* *
♦MODAL PRINT, FREQ=99999 
* *
♦MODAL FILE, FREQ=99999 
* *
♦ENERGY PRINT, FREQ=0 
* *
♦ENERGY FILE, FREQ=0 
* *
♦PRINT, FREQ=1 
* *
♦END STEP 
* *
♦ ♦  S u b r o u t in e  u s e d  f o r  th e  d a t a - p a i r s  o f  t h e  n o n - l i n e a r  p r o p e r t i e s  
* *
♦user subroutine
subroutine usdfld (field,statev,pnewdt,direct,t,celent,
1 time,dtime,cmname,orname,nf ield,ns tatv,noel,npt,layer,
2 kspt,ks tep,kinc,ndi,nshr)
in c lu d e  'ABA_PARAM.INC 
c h a r a c t e r ' s  cmname, ornam e, f l g r a y (15)
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dimension field(nfield),statev(nstatv),direct(3,3),
1 t (3,3),time( 2 ) 
dimension array(15),j array(15)
C
C Absolute value of current strain:
call getvrm('E ',array,jarray,flgray,jrcd) 
eps = abs (array (1) )
C Maximum value of strain up to this point in time: 
call getvrm('SDV,array,jarray,flgray,jrcd) 
epsmax = array(1)
C Use the maximum strain as a field variable 
field (1) = max (eps, epsmax)
C Store the maximum strain as a solution dependent state variable 
statev(l) = field(1)
C If error, write comment to .DAT file: 
if (jrcd.ne.0) then
write (6,*) 'REQUEST ERROR IN USDFLD FOR ELEMENT NUMBER 
1 noel,'INTEGRATION POINT NUMBER ',npt 
endif
return
end
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Fold-out of Table 5.0:
Summarising the T-beams tested in this study
El
Beam Beam
ilianWicatign
Layers 
of 
GFRP 
in Web
Stiffening
Method Beam Test
28-day Concrete Comp. Strength 
(MPa)
B-type
S-type
Bl
B2
S3
S4
GFRP
diaphragms
Static
buckling
Static
39.8
42.9
36.1
38.3
T-type
T5
T6
Timber
Stiffeners
Static
buckling
37.9
35.9
C-type
E-type
EV-type
C7
C8
E9
ElO
EVl l
EV12
CFRP strips
Static
Timber
Stiffeners
2 *
31.7
31.9
35.3
37.7
37.8
35.8
LTC-type
LTF-type
LTC13
LTC14
LTF15
GFRP
diaphragms
Creep
Fatigue
41.3
40.9
39.3
Note: * 2 layers of VTM/266 was equivalent to 4 layers of xLTM65U 
Table 5.0: Summarising the T-beams tested in the study
1) T-type beams: the same design as the B-type beam but with timber stiffeners replacing theGFRP diaphragms.
2) C-type beams: the same design as the S-type beam but with CFRP stiffeners replacing the GFRP diaphragms.
3) E-type beams: the same design as the S-type beam but with the concrete encapsulated with GFRP and timber 
stiffeners replacing the GFRP diaphragms.
4) EV-type beams: the same design as the E-type beam but utilising VTM/266 material instead of xLTM65u.
5) LTC-type beams: the same design as the S-type beam but subjected to sustained loads over a period in excess of
1 year.
6) LTF-type beam: the same design as the S-type beam but subjected to 10 million fatigue cycles.
